Best  Available 

Copy 

for  all  Pictures 


r 

AD-773  021 

ADVANCED  TORQUE  MEASUREMENT  SYSTEM 
Jee-Da  Chang,  et  al 

|  Ai  Research  Manufacturing  Company 

_ 

/ - 

3  Prepared  for: 

Army  Air  Mobility  Research  and  Development 
(  Laboratory 

l  August  1973 


DISTRIBUTED  BY: 

KJ[ 

National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfield  Va.  22151 


DISCLAIMERS 


The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Army  position  unless  so  designated  by  other  authorized 
documents. 

When  Government  drawings,  specifications,  or  other  data  are  used  for  any 
purpose  other  than  in  connection  with  a  definitely  related  Government 
procurement  operation,  the  United  States  Government  thereby  incurs  no 
responsibility  nor  any  obligation  whatsoever;  and  the  fact  that  the 
Government  may  have  formulated,  furnished,  or  in  any  way  supplied  the 
said  drawings,  specifications,  or  other  data  is  not  to  be  regarded  by 
implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission,  to 
manufacture,  use,  or  sell  any  patented  invention  that  may  in  any  way  be 
related  thereto. 

Trade  names  cited  in  this  report  do  not  constitute  an  official  endorse¬ 
ment  or  approval  of  the  use  of  such  commercial  hardware  or  software. 


DISPOSITION  INSTRUCTIONS 


Destroy  this  report  when  no  longer  needed.  Do  not  return  it  to  the 
originator. 


las  si  tic  at  Ion 


DOCUMENT  CONTROL  DATA  -RAD 

_ (Sacurlty  ctaaaltlcatlon  ot  fit/*,  body  ot  abatract  and  inditing  annotation  mutt  ba  antarad  whan  tha  ovaratl  raport  It  etataltlad) 


!■  originating  activity  (Corpora ft  author)  |a*.  REPORT  SECURITY  classification 

AiResearch  Manufacturing  Company,  a  division  of  |  Unclassified 

The  Garrett  Corporation, 

Los  Angeles,  California 


I  RIRORT  TITLE 


ADVANCEO  TORQUE  MEASUREMENT  SYSTEM 


4  OISCRIRTIVI  NOTES  (Typa  of  rapo/t  and  Inclutlat  da  tarn) 

Final  Technical  Report 


•  AU  rnORIII  (rlrat  MM,  mlddlt  Initial,  laat  nama) 

Dr.  Jee-Da  Chang 
Dr.  Joseph  Kukel 


•  RIPOR T  OATI 

August  1973 


M.  CONTRACT  OR  GRANT  NO- 

DAAJ02-72-C-0044 

b.  PROJEC  T  NO 

Task  1F162205A11908 


10.  OISTRiauTION  STATEMENT 


7  S.  TOTAL  NO.  OF  PAGES  1 76.  NO  OF  REFS 


9a.  ORIGINATOR’S  REPORT  NUfcfBER(S) 


USAAMRDL  Technical  Report  7 3 ~54 


•6.  OTHER  REPORT  NOIS)  (Any  othar  numbara  that  atay  ba  a»9l0tad 
thla  raport) 


AiResearch  Report  No.  73-9343 


Approved  for  public  release;  distribution  unlimited. 


12-  SPONIONING  MILITARY  ACTIVITY 


Eustis  Directorate  U.S.  Army  Air  Mobility 
Research  and  Development  Laboratory, 

Fort  Eust  is  ,  Virginia 


This  report  documents  the  work  performed  by  AiResearch  Manufacturing  Company  during 
the  Advanced  Torque  Measurement  System  program  under  contract  from  the  Fust  is  Direc¬ 
torate,  U.S.  Army  Air  Mobility  Research  and  Development  Laboratory,  Fort  Eustis, 

V i rg  i  n  i a. 

Work  cohered  in  this  program  encompassed  the  preliminary  research  of  application 
requirements,  error  sources,  and  special  considerations;  design  of  the  advanced 
torque  measurement  system;  fabrication  of  the  advanced  torque  measurement  system; 
and  laboratory  testing  of  the  advanced  torque  measurement  system  under  various  con¬ 
ditions.  Program  results  indicated  that  such  a  high-accuracy  and  high-environmental- 
tolerance  torque  measurement  system  lor  helicopter  power-plant  diagnostic  purpose  was 
both  hardware  implementable  and  economically  feasible. 


MM  4  A  ntPLAcct  OO  r OHM  1,71  ■ 

i  mviiI4  /  J  otwiiTi  rot  mu*  UM 


J»H  •«,  WHICH  It 

f 


Unc I  ass i f i ed 


lattlricttlon 


KEY  WORDS 


LINK  * 


LINK  e 


LINK  C 


ecurity  Ct*»tl(ic»llon 


Advanced  Torque  Measurement  System 

Helicopter  Torque  Sensor  System 

Rotating  Shaft  Torque  Sensor 

Diagnostc  Torque  Sensor 

Engine  Shaft  Torque  Measurement 

Jet  Engine  Torque  Sensor 

Digital  Torque  Measurement  System 

Phase-Angle  Torque  Measurement  System 

Noncontacting  Temperature  Measurement  Technique 


Unc I  ass  i  f  i  ed 

Security  Classification 


DEPARTMENT  OF  THE  ARMY 

U  8.  ARMY  AIN  MOBILITY  RESEARCH  A  DEVELOPMENT  LABORATORY 
EUSTIS  DIRECTORATE 
PORT  EUSTIS,  VIRGINIA  23604 


This  report  was  prepared  by  Garrett  Ai Research  Manufacturing  Company 
under  the  terms  of  Contract  DAAJ02-72-C-0044.  It  presents  the  findings 
of  a  12-month  study  that  was  undertaken  to  evaluate  an  aircraft  turboshaft 
engine  torque -measuring  system  using  the  shaft  angle  of  twist  as  the  mea¬ 
surement  transducer.  This  twisting  motion  is  measured  by  a  pair  of  prox¬ 
imity  probes,  external  to  the  shaft.  An  eddy-current  probe  is  alBo  used  to 
measure  the  shaft  metal  temperature,  which  is  used  for  temperature  com¬ 
pensation. 

The  objective  of  this  contractual  effort  was  to  design,  fabricate,  and  test 
an  advanced-concept  torque  measurement  system  to  measure  actual  torque 
on  Army  aircraft  gas  turbine  engines.  The  program  resulted  in  an  increase 
in  accuracy  to  1%  of  point  or  better,  over  a  power  range  of  30%  to  100%. 

The  torque-sensing  technique  investigated  should  also  be  capable  of  satis¬ 
factory  operation  on  shafts  having  mt'tal  temperatures  of  up  to  500°F,  and 
should  be  adaptable  to  a  wide  range  of  rotational  speeds  and  torques. 

The  conclusions  and  recommendations  contained  herein  are  concurred  in 
by  this  Directorate.  The  study  is  considered  to  have  adequately  fulfilled 
the  major  objective. 

Technical  direction  for  this  contractual  effort  was  provided  by  Mr.  Roger  J. 
Hunthausen,  Military  Operations  Technology  Division. 


it 


Task  1F162205A11908 
Contract  DAAJ02-72-C-00M 
USAAMRDL  Technical  Report  73‘S^ 
August  1973 


ADVANCED  TORQUE  MEASUREMENT  SYSTEM 
Final  Report 

AiResearch  Manufacturing  Company  Report  73-9343 


By 

Dr.  J.  D.  Chang 
Dr.  Joseph  Kukel 


Prepared  by 

AiResearch  Manufacturing  Company 
A  Division  of  The  Garrett  Corporation 
Los  Angeles,  California 


for 

EUSTIS  DIRECTORATE 

U.S.  ARMY  AIR  MOBILITY  RESEARCH  AND  DEVELOPMENT  LABORATORY 
FORT  EUSTIS,  VIRGINIA 


tl‘ 


FOREWORD 


This  report  presents  the  results  of  a  program  conducted  by  Ai Research  Manu¬ 
facturing  Company,  a  Division  of  The  Garrett  Corporation,  for  the  Eustis 
Directorate,  U.  S.  Army  Air  Mobility  Research  and  Development  Laboratory, 
under  Contract  DAAJ02-72-C-0044 ,  Task  1  FI 62205A1  1908.  The  USAAMRDL  tech¬ 
nical  monitor  was  Mr.  Roger  J.  Hunthausen. 

The  principal  investigator  for  the  applied  systems  research  group  at 
AiResearch  was  Dr.  J.  D.  Chang.  Dr.  J.  Kukel  was  the  project  manager. 

Contributors  included  Dr.  J.  Kukel,  Dr.  A.  Saur,  W.  J.  Harris,  W.  Reynolds, 
P.  Wong,  and  C.  R.  Dolland. 
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INTRODUCTION 


A  means  of  directly  measuring  the  torque  from  a  rotating  shaft  has  been 
needed  and  has  presented  an  instrumentation  problem  for  many  years.  The 
problem  has  been  compounded  further  by  the  environmental  and  application 
constraints  of  Army  helicopter  gas  turbines.  Nevertheless,  techniques  and 
devices  have  been  developed  and  are  presently  being  utilized.  Their  appli¬ 
cation,  however,  is  limited  to  control  or  limit  functions.  Accuracy  is 
generally  greater  than  2  percent. 

There  is  a  need  for  a  diagnostic  torque  sensor  because  of  continued  Army 
development  of  diagnostic  systems  to  improve  its  maintenance  and  logistics 
posture.  An  accurate  and  repeatable  torque  measurement  (1  percent  or  bet¬ 
ter)  will  enable  an  assessment  of  engine  operating  condition  when  combined 
with  the  gas  turbine  thermodynamic  and  gas  generator  characteristics.  In 
addition,  torque  input/output  measurements  of  the  transmission  can  provide 
transmission  diagnostic  information. 

A  shaft  that  is  transmitting  torque  must  react  in  some  physical  way.  The 
torque  reaction  produces  torsion  shear  stress  and  a  resulting  angular  twist. 
Also  produced  is  an  associated  strain.  Three  materials  phenomena--tors  ional 
stress,  torsional  strain,  and  angular  twist--can  serve  as  the  basis  for  a 
suitable  detection  technique.  The  digital  coincidence  interpolation  techni¬ 
que  investigated  during  this  program  utilizes  the  angular  twist  as  the  basic 
torque-carrying  parameter.  The  extraneous  effects  are  deterministically 
compensated  or  statistically  integrated  by  the  use  of  a  low-cost  digital 
processor.  Some  of  these  additional  accuracies  are  therefore  obtained  at 
the  expense  of  the  system  response  time,  but  for  diagnostic  purposes,  the 
time  delay  is  inconsequential  as  long  as  it  lies  below  a  reasonable  limit. 

This  technique  was  implemented  with  hardware  during  the  program.  Its  per¬ 
formance  was  thoroughly  tested  under  a  simulated  condition.  Test  results 
indicated  that  such  a  technique  should  work  equally  well  under  the  actual 
torqued-shaf t  condition. 
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DIGITAL  TORQUE  MEASUREMENT  APPROACH 


REVIEW  OF  TORQUE  MEASUREMENT  TECHNIQUES 

All  conceivable  methods  of  measuring  torque  can  be  placed  in  the  following 
three  categories: 

1.  Techniques  based  on  balancing  an  applied  torque/force 

2.  Techniques  based  on  measurement  of  changes  of  material  character¬ 
istics  with  stress/strain 

3.  Techniques  based  on  measurement  of  strain  due  to  torque 

Techniques  in  the  first  category  have  beer  used  widely  to  measure  torque  in 
turboprop  and  turboshaft  engines.  In  the;  e  techniques,  an  adjunct  member 
of  the  drive  train  tends  to  rotate  or  move  otherwise  with  applied  torque. 
This  movement  is  typically  sensed  by  a  hydraulic  servo  that  acts  to  position 
the  member  to  its  null  position.  The  hydraulic  pressure  required  to  restore 
the  member  to  the  null  position  is  proportional  to  torque  and  is  transduced 
to  provide  an  indication  of  torque.  This  type  of  torque  sensor  is  subject 
to  wear  and  frictional  effects  in  addition  to  pressuie  sensor  and  calibra¬ 
tion  errors.  It  is  limited  to  accuracies  on  the  order  of  ±5  percent.  Re¬ 
sponse  is  typically  slow. 

Torque  measurement  based  on  the  magnetos tri ct i ve  effects  is  the  most  perti¬ 
nent  example  of  a  technique  based  on  measurement  of  changes  of  material 
characteristics  with  s t ress/s t ra i n .  The  technique  is  based  on  measuring 
the  change  in  magnetization  of  a  ferromagnetic  material  when  it  is  subjected 
to  a  dimensional  change.  In  one  application,  for  example,  magne tos t r i ct i ve 
material  is  used  as  the  core  of  the  transformer.*  The  core  is  shaped  in  the 
form  of  a  sleeve  and  is  mounted  on  a  torque- t ransmi t t i ng  shaft.  Shaft 
stress  is  transferred  to  the  sleeve,  and  the  resulting  strain,  through  the 
magnetostr ict i ve  effect,  causes  the  reluctance  of  the  core  to  change.  This 
change  is  used  to  modulate  the  transformer  action  and  thereby  measure 
torque.  Although  the  magnetos t r i ct i ve  effect  is  highly  nonlinear  with 
stress,  several  methods  of  imoroving  the  linearity  have  been  employed  and 
accuracies  as  good  as  ±2  percent  have  been  reported.  The  technique  also 
appears  to  be  suitable  for  temperatures  as  high  as  250  F. 

The  last  category,  techniques  based  on  measurement  of  strain,  offers  the 
largest  number  of  possibilities.  There  are  two  principal  subcategories  of 
interest:  (1)  measurement  of  torque  by  means  of  strain  gages,  and  (2) 

measurement  of  shaft  angular  twist.  By  far,  the  largest  number  of  commer¬ 
cially  available  torquemeters  are  strain  gage  devices.  For  aircraft  appli¬ 
cation,  however,  strain  gage  devices  are  considered  unsuitable  due  to  their 


:'Scoppe,  F.,  MAGNETOSTRICTIVE  MEASUREMENT  OF  TORQUE  FROM  HIGH  SPEED 
ROTATING  SHAFTS,  Paper  69275,  ISA  Symposium,  May  1 969 - 
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low  life  expectancy,  environmental  considerations,  and  the  problem  of  signal 
acqu i s i t i on . 


A  number  of  techniques  are  available  for  measuring  shaft  angular  twist, 
including  differential  transformers  and  optical,  inductive,  and  capacitive 
measuring  techniques.  In  the  differential  transformer  technique,  the  pri¬ 
mary  and  secondary  of  a  transformer  are  mounted  to  a  torque-t ransmi t t i ng 
shaft  such  that  as  the  shaft  twists,  the  coupling  between  primary  and  sec¬ 
ondary  changes,  thereby  modulating  the  voltage  generated  in  rhe  secondary, 
yielding  a  variable  voltage  that  is  proportional  to  twist.  In  addition  to 
reliability  and  signal  acquisition  problems,  the  accuracy  of  this  technique 
is  1 imi ted . 

A  common  denominator  of  the  last  three  techniques  is  that  two  signal  pick- 
offs  are  required  for  each  technique.  For  visualization,  consider  a  shaft 
with  identical  gears  at  each  end,  the  gears  being  exactly  aligned  under 
no-load  conditions.  A  pickoff  probe  is  locateG  above  each  gear  such  that 
as  the  shaft  rotates  under  no-load  conditions,  each  probe  generates  a  pulse 
train  of  identical  frequency  and  phase.  As  the  shaft  begins  to  transmit 
torque,  its  ends  will  twist  with  respect  to  each  other  and  the  two  pulse 
trains  will  be  displaced  in  phase.  This  phase  displacement  is  proportional 
to  torque.  In  the  case  of  the  optical  technique,  the  gear  teeth  are  re¬ 
placed  by  reflective  strips  and  each  probe  consists  of  a  light  source  and 
photo  cell  pair.  In  the  inductive  and  capacitive  cases,  gear  teeth  or  their 
equivalent  are  used  together  with  variable-capacitance,  var i ab le- re  1 uctance , 
monopole,  or  eddy-current  probes.  The  optical  technique  is  not  considered 
suitable  for  this  application  due  to  its  contamination  susceptibility.  Both 
the  inductive  and  capacitive  techniques  appear  well-suited,  however,  and  the 
development  of  a  digital  torque  measurement  system  based  on  the  use  of  one 
of  those  techniques  was  the  purpose  of  the  subject  program. 

DIGITAL  PHASE  ANGLE  SENSING  METHOD  FOR  TORQUE  MEASUREMENT 


As  torque  is  applied  to  a  rotating  shaft,  the  shaft  twists  in  proportion  to 
the  magnitude  of  the  torque  applied,  and  the  direction  of  the  twist  is  an 
indication  of  the  polarity  of  the  torque.  In  terms  of  the  electrical  pulses 
generated  by  sensing  probes,  the  twist  of  the  shaft  changes  the  relative 
phase  relationship  )f  the  pulse  signals  from  the  two  sensing  probes.  Refer¬ 
ring  to  Figure  1,  the  change  in  relative  phase  means  a  deviation  of  phase 
difference  between  the  two  probe  signals  from  an  initial  no-torque  value  *Q. 
If  the  leading  edges  of  the  phasing  pulses  from  the  probes  are  used  to  con¬ 
trol  the  start  and  stop  of  a  sequence  of  gating  pulses,  and  these  gating 
pulses  are  then  used  to  control  the  passage  of  fixed-frequency  clock  sig¬ 
nals,  the  number  of  clock  pulses  (N)  that  pass  through  the  gate  will  be 
proportional  to  the  phase  difference.  The  deviation  6N  =  N  -  NQ  from  the 
initial  no-torque  count  (Nq)  becomes  a  measure  of  the  phase  deviation  and 
consequently  the  torque.  The  sign  of  6N  indicates  torque  polari  ty. 

Positive  polarity  indicates  that  the  torque  is  being  delivered  to  the  load, 
while  negative  polarity  indicates  the  acceptance  of  torque  from  the  exter¬ 
nal  load.  Measuring  the  clock  pulse  count  deviation  not  only  allows  meas¬ 
urement  of  torque  magnitude,  but  also  allows  determination  of  whether  the 
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Figure  1.  Principle  of  Digital  Phase  Measuring  Technique. 


torque  is  applied  to  the  load  by  the  engine  or  is  applied  to  the  engine 
temporarily  by  the  external  load.  This  information  may  also  be  of  impor¬ 
tance  from  a  diagnostic  point  of  view. 

The  accuracy  of  the  torque  measurement  will  depend  on  such  factors  as  the 
rise  time  and  shape  of  the  phasing  pulses  from  the  sensing  probes,  the  fre¬ 
quency  and  stability  of  the  oscillator  used  to  generate  the  clock  pulses, 
and  the  accuracy  of  the  pulse  count.  For  accuracy  and  repeatibi  1  i ty  of  the 
gate  opening  and  closing,  the  phasing  pulses  must  be  well  shaped  with  a  fast 
rise  time.  Accuracy  inert  '.ses  with  the  number  of  clock  pulses  that  can  be 
obtained  during  the  time  tne  gate  is  open--thus,  a  high-frequency  oscil¬ 
lator  is  desirable.  Stability  of  the  oscillator  also  is  an  important  con¬ 
sideration  for  obtaining  accuracy  and  repeatability,  as  is  speed  and  stabil¬ 
ity  of  the  device  used  to  count  the  clock  pulses. 

The  ability  to  count  the  number  of  clock  pulses  during  the  gate  opening 
period  demands  the  use  of  digital  counting  and  computing.  Due  to  electronic 
circuit  stability,  there  is  a  limitation  on  the  maximum  frequency  the  clock 
pulses  can  reach.  To  circumvent  this  limitation,  an  improved  computational 
algorithm  can  be  devised  based  on  a  coincidence  interpolation  technique. 

Coincidence  interpolation  allows  accurate  measurement  of  a  quantity  that  is 
smaller  than  the  units  of  a  reference  frame  by  utilizing  the  coincidence 
information  between  the  known  and  unknown  quantities.  Figure  2  illustrates 
the  application  of  this  technique.  Given  a  known  length  of  0.5  in.  per 
division,  the  problem  is  to  measure  the  unknown  per-division  length  of  the 
lower  trace  in  Figure  2  using  the  upper  line  as  a  ruler.  Since  the  per- 
division  length  of  the  lower  trace  is  smaller  than  that  of  the  given  ruler, 
direct  measurement  becomes  impossible.  However,  as  shown  in  the  plot,  four 
units  of  the  known  quantity  coincide  with  7  units  of  the  unknown  quantity. 
Therefore,  the  unknown  quantity  can  be  interpolated  to  be  4/7  of  the  known 
quantity  (0.5  in.),  or  0.285714  in. 

In  the  phase-angle  measurement  case,  coincidence  occurs  in  the  time  domain. 
The  known  quantity  is  the  period  (or  frequency)  of  the  clock  pulses,  and 
the  unknown  quantity  is  the  differential  time  corresponding  to  the  phase 
difference  between  the  phasing  pulses  from  the  two  sensing  probes. 

The  basic  functions  implemented  in  this  digital  torque  measurement  approach 
are  shown  in  block  diagram  form  in  Figure  3.  The  measurement  system  con¬ 
sists  of  four  major  units:  sensing  unit,  temperature  unit,  digital  signal 
processing  and  computing  unit,  and  display  unit. 

The  sensing  unit  provides  relative  shaft  twist  angle  sensing  through  probes 
A  and  B  and  their  respective  shaft-mounted  phasing  poles.  Shaft  tempera¬ 
ture  is  sensed  by  probes  C  and  D  to  provide  for  compensation  of  the  effects 
of  temperature  on  the  modulus  of  rigidity  of  the  torque  shaft. 

The  temperature  unit  accept'  the  electrical  signals  from  probes  C  and  D, 
performs  linearization,  provides  analog  voltage  proportional  to  shaft  tem¬ 
perature,  converts  the  analog  signal  to  digital  form  by  an  A/D  converter, 
and  outputs  the  resulting  digital  value. 
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Figure  2.  An  Example  of  Coincidence  Interpolation  Technique. 

The  digital  signal  processing  and  computing  unit  consists  of  three  modules: 
conditioner  module,  discrimination  module,  and  computation  module.  The  con 
ditioner  module  accepts  probe  A  and  B  electrical  outputs  and  shapes  them  to 
suitable  voltage  triggers  for  the  discriminator  module.  The  discriminator 
module  accepts  the  conditioned  signals  of  probes  A  and  B  and  an  internal 
fixed  rate  pulse  generator  signal  into  a  coincidence  checking  logic  circuit 
An  accurate  determination  is  made  of  the  shaft  speed  and  the  time  differ¬ 
ence  between  the  signals  of  probes  A  and  B.  The  torque  computation  module 
accepts  the  digital  signals  from  the  discrimination  module  and  temperature 
unit  and  digitally  computes  torque  from  the  relationships: 


9  =  360 


G  G  (  I  -  K  T) 
o  2 


(1) 

(2) 


J  x  G  x  9 
T  =  57.3  x  L 


(3) 
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Figure  3.  Digital  Torque  Measurement  System. 


where  t  =  the  torque  transmitted  through  the  shaft,  in. -lb 

L 

J  =  the  polar  moment  of  inertia  of  the  shaft,  in. 

G  =  the  modulus  of  rigidity  of  the  shaft,  lb/in.2 
L  =  the  length  of  the  shaft,  in. 

8  =  the  shaft  twist  angle,  deg 

Nj  =  the  number  of  counts  of  probe  B  pulses  counted  between  the  coin¬ 
cidence  of  the  probe  A  signals  and  the  clock  and  the  first  coin¬ 
cidence  of  the  probe  B  signal  and  the  same  clock  signal 

the  number  of  counts  of  the  clock  signal  during  the  same  time 
period  as  for  N^ 

J/57.3L 

the  number  of  counts  of  probe  B  signal  counted  between  the  first 
and  the  second  coincidence  of  the  probe  B  signal  and  the  clock 

N^  -  the  number  of  counts  of  the  clock  signal  during  the  same  time 
period  as  for  N^ 

G  =  the  value  of  the  modulus  of  rigidity  at  a  reference  temperature 
0  of  T 

o 

K2  =  a  proportional  constant 

T  =  the  differential  temperature  measured  with  respect  to  a  refer¬ 
ence  temperature  Tq 

The  display  accepts  the  digital  signal  from  the* computat ion  module  and  con¬ 
verts  it  to  a  visual  numeric  display. 

APPLICATION  REQUIREMENTS 

Development  of  the  digital  torque  measurement  sensor  is  aimed  at  fulfilling 
a  need  for  an  accurate  (within  1  percent)  torque  measurement  to  support 
helicopter  engine  monitoring  and  diagnostics.  Since  the  approach  is  a  pas¬ 
sive  measurement  technique  (as  opposed  to  a  hydraulic  force  balance  techni¬ 
que),  it  can  be  considered  for  both  external  (to  the  engine)  drive  shaft 
torque  measurement  and  internal  torsion  shaft  torque  measurement. 

Figures  4  and  5  illustrate  the  ins  tal  1  at  ion  of  the  sensors  and  phasing  gears 
necessary  to  sense  shaft  angular  twist  and  temperature  for  both  the  external 
and  internal  applications.  These  two  applications  impose  different  require¬ 
ments  on  the  measurement  system,  even  for  the  same  engine,  because  of  dif¬ 
ferences  in  environment  (primarily  temperature),  torque  level,  shaft  dimen¬ 
sions,  and  rotational  speeds. 


N2  = 


K1  “ 
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Air  Gap  for  Monopoles:  20  to  50  mils 

Air  Gap  for  Eddy-Current  Temperature  Sensors:  100  to  200  mils 


Figure  4.  Typical  External  Torque  Measurement  Application. 
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Monopo 1 es 


Air  Gap  For  Monopoles:  20  to  50  mils 

Air  Gap  for  Eddy-Current  Probes:  100  to  200  mils 


Figure  5.  Typical  Engine  Internal  Torsion  Shaft  Torque 
Measurement  Appl ication. 
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To  further  illustrate  the  installation  of  the  phase-angle  sensors  and 
associated  parts  for  the  internal  installation,  Figure  6  shows  the  parts 
which  comprise  the  installation  of  a  phase-angle  torque  sensing  unit  for 
the  AiResearch  T 76  engine.  The  phase-angle  sensor,  shown  at  the  right  in  the 
photograph,  is  a  dual  monopole  pickup.  The  electronics  for  this  system 
(not  shown)  implements  an  analog  approach  to  torque  computation. 

Because  of  these  differences,  the  application  requirements  for  the  two  cases 
are  listed  separately  below.  The  angular  deflections  and  corresponding  time 
increments  listed  are  based  on  drive  shaft  sizing  calculations  included  in 
the  appendix.  The  requirements  listed  below  are  compatible  with  application 
to  the  UH-1  helicopter. 

External  Installation 

Shaft  type--Hol low  splined  shaft  connected  to  engine  and  trans¬ 
mission  through  curvic  couplings 

Shaft  mater i a  1  - -H i gh-s t rength  stainless  steel  such  as  AM355 

Shaft  length--1  ft 

Outer  diameter--Approximately  2  in. 

Inner  diameter--Approximate  ly  1.9  in. 

Torque-speed  range--75  to  250  ft-lb  at  6000  rpm 

250  to  725  ft-lb  at  6600  rpm 

Full-scale  twist  angle-~5  deg 

Full-scale  phase-angle  t i me-de 1  ay-- 1 39  and  126  usee, 

respect i ve  1  y 


Maximum  shaft  tempe ra ture-- 1 65°F 

Vibration  environment--!  g  to  10  g,  10  Hz  to  10,000  Hz 
I nterna I  Installation 

Shaft  type--Hol low,  splined,  internal  torsion  shaft 

Shaft  ma te r i a  1 --H i gh -s t rength  stainless  steel  such  as  AM355 

Shaft  length--2.5  ft 

Outer  d i ameter--Approx imate ly  1  in. 

Inner  d i ame ter- -Approx i mate  1 y  0.8  in. 

Torque  speed  range--100  to  300  ft-lb  at  26,000  rpm 
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Full-scale  twist  angle--10  deg 
Full-scale  phase-angle  t  ime-delay--64  pisec 
Maximum  shaft  temperature--500°F 

Vibration  envi ronment--1  g  to  10  g,  10  Hz  to  10,000  Hz 
INSTALLATION  AND  ADAPTABILITY  CONSIDERATIONS 


External  Sensor  Installation 

Figure  A  illustrates  a  typical  design  of  the  sensing  unit  for  external  shaft 
application.  The  gears  could  be  pressed  onto  the  main  drive  shaft,  then 
furnace-brazed  to  the  shaft,  or  they  could  be  pressed  and  welded  on  a  pair 
of  split  collars  which  would  be  welded  on  the  shaft  to  provide  a  larger  dia¬ 
meter  to  allow  the  gears  to  clear  the  height  of  the  two  seal  lands  on  the 
main  drive  shaft.  The  gears  could  also  be  machined  as  part  of  the  main 
drive  shaft.  Among  these  choices,  the  third  one  appears  best,  because  it 
provides  better  structural  integrity,  allows  a  new  shaft  design  meeting  the 
torsional  angle  requirement  and  the  shaft  dynamics  requirements,  and  simpli¬ 
fies  installation  and  maintenance. 

The  phase  information  pickup  and  the  shaft  temperature  sensor  can  be  mounted 
in  a  housing  supported  by  two  grease-pack  type  bearings  or  can  be  mounted  on 
the  nearby  fixed  structure  through  brackets.  The  bearing-supported  approach 
requires  the  use  of  reliable  bearings.  The  bracket-mounting  approaches  are 
more  susceptible  to  shaft  vibration  and  wobble;  however,  the  shaft  vibration 
and  wobble  effects  can  be  compensated  by  using  additional  pickups  located 
at  different  locations  around  the  shaft  to  minimize  the  effects  of  gap 
variation.  Due  to  the  advancement  in  bearing  seal  material  research,  a 
grease-pack  bearing  designed  to  operate  under  the  speed  and  temperature 
environment  of  a  main  drive  shaft  located  at  the  inlet  of  the  turboshaft 
engine  (6600  rpm  and  a  maximum  temperature  of  165°F)  and  subjected  to  a 
light  load  of  the  housing  and  the  pickup  probes  (less  than  10  lb)  should 
provide  highly  reliable  operation  for  a  long  period  of  time  without  diffi¬ 
culty.  The  bearings  can  be  held  in  place  by  the  original  curvic  couplings 
as  shown  in  Figure  *4 .  The  bearing  arrangement  for  pickup  housing  support 
also  reduces  the  major  part  of  the  effect  of  shaft  wobble  (which  is  typical 
of  the  main  drive  shaft)  on  the  pickup  signals  because  the  two-phase  infor¬ 
mation  pickups  will  move  with  the  shaft  in  almost  exactly  the  same  manner. 
The  housing  can  be  kept  from  rotating  with  the  shaft  by  a  mechanism  as  shown 
in  Figure  7.  This  mechanism  allows  the  housing  to  move  as  needed  to  com¬ 
pensate  for  the  shaft  wobble,  but  prevents  housing  rotation. 

Internal  Sensor  Installation 


Figure  5  shows  an  installation  sketch  for  the  engine  internal  torsion  shaft 
application.  Two  phasing  gears  are  placed  at  the  same  end  of  the  engine 
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Figure  7-  Mechanism  To  Prevent  Torque 
Sensor  Housing  Rotation. 


main  shaft  and  the  torsion  shaft.  The  other  end  of  the  torsion  shaft  is 
attached  to  the  engine  main  shaft  through  splines  so  that  the  phase  dif¬ 
ference  between  the  two  gears  represents  the  angular  twist  of  the  torsion 
shaft.  The  phase  angle  and  temperature  sensors  can  be  mounted  on  the 
stationary  engine  structure  near  the  gears  through  a  mounting  bracket; 
with  the  shaft  supported  by  sturdy  engine  bearings,  they  will  exhibit  very 
little  wobble.  The  engine  bearings  are  lubricated  by  the  engine  oil  system 
and,  consequently,  are  free  from  the  temperature  and  speed  problems  of  the 
grease-pack  type  hearings. 

Fiqures  8  and  9  illustrate  the  type  of  adaptation  modifications  that  are 
needed  to  change  over  from  a  hydromechanical  torque  sensing  system  to  an 
electromagnetic  torque  sensing  system.  The  illustrations  are  based  on  the 
modifications  that  viere  performed  on  the  AiResear:h  T76  engine  (a  turboprop 
engine)  to  install  an  analog  phase  angle  torquemeter.  The  modifications 
involve  mainly  replacing  the  hydromechanical  torque  sensor  a-.sembly  by  the 
phasing  gears  and  phase  angle  and  temperature  sensors,  re-routing  the 
negative  torque  sensor  regulator  oil  flow  directly  to  the  adaptor,  removing 
the  positive  torque  regulator  valve  and  the  orifice  assembly,  plugging  the 
positive  torque  regulator  chamber,  replacing  the  orifice  assembly  with  an 
adaptor,  and  replacing  of  the  compensator  assembly  by  a  solenoid  valve  to 
provide  the  negative  torque  sensing  information  for  control.  Because  of 
the  inherent  speed  information  existing  in  the  phase  angle  signals,  over¬ 
speed  monitoring  capability  is  an  added  benefit  of  the  electromagnetic  phase 
measurement  approach. 
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to  Governor 


High-Pressure  Oil  From  Governor 
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Figure  9-  Electromechanical  Phase-Shift  Torque  Sensing  System. 


Onboard  Location  for  Electronics 


The  system  electronics  is  primarily  affected  through  the  influence  of  the 
environmental  conditions  of  the  onboard  location. 

Generally  speaking,  it  is  desirable  to  locate  at  least  the  signal  condition¬ 
ing  modules  of  the  system  as  close  to  the  sensing  units  as  possible  in  order 
to  minimize  noise  interference.  This  problem  becomes  more  critical  if  the 
sensor  output  is  of  the  millivolt  level.  The  criticality  of  the  problem 
reduces  when  the  output  voltage  of  the  sensor  increases.  Because  of  the 
adverse  environment  near  the  sensing  unit,  however,  there  is  always  a  limit 
on  how  close  the  electronics  can  be  located  to  the  respective  sensors  and 
also  on  how  much  sophistication  can  be  designed  into  these  electronics  so 
that  they  still  will  survive  the  hostile  temperature  and  vibration  environ¬ 
ments,  and  operate  reliably  as  anticipated. 

The  Army  UH-I  helicopter  was  considered  for  the  assessment  of  this  problem. 
Because  of  the  relatively  large  output  signal  that  can  be  obtained  from  the 
phase  angle  sensors,  a  cable  length  of  at  least  10  ft  appears  to  be  allow¬ 
able.  With  such  a  cable  length,  the  onboard  location  for  the  installation 
of  the  related  signal  conditioning  electronic  modules  of  the  system  seems 
to  be  little  or  no  problem,  at  least  for  the  UH-I  model  helicopter  inves¬ 
tigated.  The  relatively  smaller  size  signal  conditioning  electronics 
required  (especially  for  the  magnetic  pickups  and  the  eddy-current  probes) 
can  be  placed  in  some  unused  space  near  the  battery  or  the  engine  oil 
cooler  underneath  the  transmission  cowling.  The  rest  of  the  system  elec¬ 
tronics  can  be  mounted  inside  the  equipment  compartment  if  there  is  any 
unused  space,  or  installed  inside  either  the  aft  passenger  cabin  or  the 
cockpit.  The  temperature  environment  at  those  locations  should  be  safe 
enough  for  almost  any  electronics.  The  vibration  environment  at  those 
locations  still  could  be  quite  severe  for  the  electronic  components;  how¬ 
ever,  in  the  worst  case,  vibration-buffering  shock  mounts  can  be  used  on 
these  modules  to  reduce  the  vibration  to  an  acceptable  level. 

MAINTAINABILITY  CONSIDERATIONS 


The  maintainability  of  a  system  can  be  represented  by  the  following  figures 
of  merit:  mean  time  to  repair  (MTTR)  a  failure  of  the  system,  and  the 
average  maintenance  cost  per  flight  hour  of  operation,  there  are  many 
factors  that  affect  these  figures  of  merit.  The  major  contributors  are  con¬ 
sidered  to  be  the  following: 

1.  Ease  of  fault  detection 

2.  Ability  to  isolate  the  faults  rapidly 

3.  Need  for  special  skills  and  technical  data  in  order  to  perform 
maintenance  functions 
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k.  Need  for  special  tools,  equipment,  and  facilities  in  order 
to  perform  maintenance  functions 

5.  The  frequency  and  duration  of  the  scheduled  on-aircraft 
ma i n  tenance 

6.  The  frequency  and  duration  of  scheduled  shop  maintenance 

7.  Probability  of  unscheduled  maintenance 

8.  The  quantity  and  type  of  spare  parts  required 

In  order  to  achieve  ease  of  fault  detection,  a  system  should  be  designed 
so  that  there  is  a  positive  indication  when  the  system  is  functioning.  To 
speed  up  the  fault  isolation,  test  points  are  provided,  the  system  is 
partitioned  into  functional  modules,  and  self-test  on  built-in  automatic 
test  capabilities  is  designed  into  the  system.  To  minimize  the  need  for 
special  skills,  technical  data,  special  equipment,  and  special  facilities 
to  perform  the  maintenance  operation,  plug-in  or  even  throwaway  modules 
are  being  utilized.  The  frequency  of  scheduled  maintenance  and  the 
probability  of  the  need  for  unscheduled  maintenance  can  be  reduced  by 
utilizing  more  reliable  components  and  by  employing  reliability-enhancing 
hardware  mechan i za t i ons .  The  number  of  hours  needed  to  complete  the 
maintenance  action  can  be  reduced  by  providing  more  accurate  failure 
diagnosis,  better  accessibility  to  the  parts,  larger  work  space,  higher 
work  clearance,  more  mobility  and  transportability  of  the  components  or 
the  system,  and  easier  handling  of  the  device.  The  use  of  a  maximum 
number  of  interchangeable  or  common  modules  in  the  design  can  reduce  the 
requirements  on  the  quantity  and  the  type  of  spare  parts  to  be  kept  in 
i  nven  tory . 

With  respect  to  the  sensing  unit,  ease  of  access,  work  space,  and  temper¬ 
ature  environment  appear  to  favor  an  externally  located  tensing  unit  (i.e., 
located  between  the  engine  and  transmission).  On  the  other  hand,  this  is 
a  more  uncertain  location  with  regard  to  environment,  considering  that 
the  sensing  unit  would  be  exposed  to  abuse  whenever  the  engine  or  trans¬ 
mission  undergoes  maintenance.  Thus,  in  spite  of  the  harsher  temperatuie 
environment  and  relative  inaccessibility  of  the  internal  location,  it  might 
well  prove  to  be  the  preferred  iocation.  Retrofit  ease  and  cost  may  be 
the  deciding  factors  in  the  case  of  existing  aircraft. 

The  high  reliability  of  the  seisors  and  of  the  digital  electronic  components 
should  allow  minimization  of  the  frequency  of  both  scheduled  and  unscheduled 
maintenance.  The  adoption  of  the  digital  approach  also  makes  it  easier  to 
incorporate  the  many  developed  self-test,  built-in  test,  and  automatic 
checkout  techniques  into  the  system.  The  phase  comparison  scheme  for  the 
measurement  of  the  shaft  twist  angle  uses  many  common  modules  and  inter¬ 
changeable  components.  The  system  itself  allows  partitioning  in  such  a 
way  that  it  will  help  to  speed  up  fault  diagnosis  and  repair.  On  the  basis 
of  these  factors,  it  can  be  concluded  that  the  digital  torque  measurement 
system  should  prove  highly  maintainable  as  well  as  highly  accurate. 
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SYSTEM  WEIGHT  AND  VOLUME  ESTIMATE 


The  system  consists  of  the  sensing  unit,  electronic  processing  unit,  and 
display  unit. 

The  display  unit  will  be  a  simple  replacement  of  an  existing  torque  indi¬ 
cator.  Using  solid-state  LED  type  devices,  the  display  needed  for  the 
digital  approach  investigated  herein  will  be  smaller  and  lighter  than  the 
existing  indicator.  A  sketch  of  a  possible  LED  display  configuration  is 
shown  in  Figure  10.  This  display  should  weigh  no  more  than  0.5  lb. 

In  the  case  of  the  sensing  unit  it  should  be  noted  that  more  weight  and 
volume  may  be  eliminated  than  added,  since  the  hydraulic  torque  measuring 
provisions  (hydraulic  supply  lines,  servo,  and  pressure  transducer)  could 
be  eliminated  with  use  of  the  digital  torque  measuring  system. 

The  size  and  weight  of  the  electronic  processing  unit  will  be  the  same 
regardless  of  application;  however,  the  cha racter i st i cs  of  the  sensing  unit 
depend  on  its  manner  of  installation  which  is  dependent  upon  the  particular 
appl icat ion . 

Two  installation  possibilities  were  shown  (Figures  k  and  5)  that  are  compat¬ 
ible  with  both  external  and  internal  installation  for  the  UH-I.  Sensing 
unit  weight  breakdowns  for  these  two  illustrative  cases  are  shown  in 
Table  I  . 


Figure  10.  An  Airborne  Torque  Display  Unit. 
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TABLE  1.  INTERNAL  AND  EXTERNAL  TORQUE  MEASUREMENTS 

External 

Drive  Shaft  Application 

Internal 

Torsion  Shaft  Application 

Component 

Weight  Contribution  (lb) 

Component 

Weight  Contribution  (lb) 

Gears 

2.5 

Gears 

2.5 

Bearings 

2.5 

Mounting 

2.5 

bracket 

Hous ing 

5-0 

P  i  ckups 

0.5 

Pickups 

0.5 

Total 

10.5 

Total 

5-5 

The  volume  needed  for  the  installation  of  the  sensing  unit  is  in  general 
a  function  of  the  dimension  of  the  shaft  for  which  the  unit  is  intended. 

In  the  external  application  case  with  a  2- in .-diameter  drive  shaft,  the 
sensing  unit  would  occupy  a  cylindrical  volume  of  6  in.  in  diameter  and 
7  in.  in  length.  In  the  internal  application  case  with  a  1-1/2-in.—  dia¬ 
meter  torsion  shaft,  the  volume  needed  for  the  installation  of  the  sensing 
unit  will  be  approximately  the  same  as  for  the  external  application  case. 

A  parts  breakdown  for  the  electronic  processing  unit  is  provided  in 
Table  II.  This  unit  will  be  composed  of  a  power  supply  and  35  to  AO 
integrated  circuit  packages  mounted  on  3  printed  circuit  boards.  Based 
on  current  packaging  techniques,  this  unit  will  occupy  a  space  of  approxi¬ 
mately  130  cu  in.  (e.g.,  5  x  7-5  x  3-5  in.)  and  will  weigh  A  to  5  lb.  A 
sketch  of  the  electronic  processing  unit  is  shown  in  Figure  11. 

Since  the  main  purpose  of  this  torque  measurement  system  is  for  diagnostic 
application,  there  is  a  possibility  of  utilizing  the  central  processor  and 
display  of  the  diagnostic  system  which  could  be  available  in  the  future. 
Therefore,  the  weight  and  size  of  the  electronic  unit  can  be  reduced  by 
approximately  1/3  of  the  present  estimate.  The  display  unit  can  be  com¬ 
pletely  eliminated  because  of  the  availability  of  the  central  diagnostic 
display. 

SYSTEM  RELIABILITY  ESTIMATE 


This  estimate  is  based  on  the  assumption  that  a  failure  of  a  component 
within  a  module  or  subassembly  causes  failure  of  the  total  system.  This 
assumption  may  be  more  restrictive  than  necessary  and,  therefore,  provides 
a  conservative  estimate  of  the  system  reliability.  Further,  the  estimate 
is  made  for  a  nonredundant  system. 


20 


Figure  11.  Electronic  Processing  Unit. 

( h 

Assuming  the  failure  rate  of  an  i  component  to  be  X.  ,  the  mean  time 
between  failures  of  a  subassembly  or  of  the  system  is  calculated  by  the 
following  relationship: 

N  - 1 

MTBF  X  X.  (L) 

i  I  1  K  ’ 

Table  II  shows  the  parts  count  of  the  system  in  terms  of  electronic  modules 
and  the  failure  rate  of  the  individual  modules. 

Therefore,  the  total  system  failure  rate  is  the  sum  of  all  the  component 
failure  rates,  and  the  overall  system  MTBF  becomes 


MTBF 


system 


45.32  x  10 


-6 


hr 


22.000  hr 


(5) 


The  electronic  component  failure  rates  have  been  conservatively  assessed. 
Considering  this  and  the  further  expected  progress  in  microelectronics 
technology,  the  actual  calculated  MTBF  of  the  system  could  reach  an  upper 
limit  of  about  50,000  hours  (limited  primarily  by  the  sensing  unit)  by  the 
time  of  its  production  implementation. 
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TABLE  1 1 .  SYSTEM  PARTS  COUNT 

AND  FAILURE 

RATE 

Subassembly  and 

Typical  Failure 

Modules  in  the 

Rate, 
x  10_6/hr 

Subassembly 

Quant i ty 

Sensing  Unit 

Magnetic  pickup 

2 

5 

Eddy-current  probe 

1 

5 

Sensing  unit  housing  support  bearing 

2 

3.97 

Processing  and  Computing  Unit 

Magnetic  pickup  signal  conditioner 

2 

0.2 

Pulse  shaping  ci rcui t 

2 

0.2 

Coincidence  checking  logic 

1 

0.2 

Pulse  counter 

2 

1  .2 

Counter  control 

2 

0.6 

Clock  generator 

1 

0.4 

Torque  computation  module 

1 

3.4 

Temperature  Compensation  Unit 

Eddy-current  probe  signal  conditioner 

1 

0.4 

A/D  converter 

1 

8.13 

Power  Supply 

Voltage  conditioning  circuit 

1 

2.15 

Voltage  regulator 

1 

3-3 
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EVALUATION  OF  ERROR  SOURCES 


TEMPERATURE  EFFECTS  ON  TWIST  ANGLE 


The  twist  angle  of  a  shaft  under  the  application  of  a  torque  is  determined 
by  the  following  relationship: 


57-3^ 


(6) 


where  0  =  twist  angle  in  mechanical  degrees 
t  =  applied  torque  in  in, -lb 
L  =  length  of  the  shaft  in  inches 

2 

G  =  modulus  of  rigidity  in  Ib/in. 

4 

J  =  moment  of  inertia  of  the  shaft  in  in. 

When  the  shaft  is  hollow  and  concentric  with  inner  radius  rg  and  outer 
radius  r^  ,  the  moment  of  inertia  of  this  type  of  shaft  can  be  calculated  in 
terms  of  these  two  radii;  i.e., 


J 


(7) 


with  r  and  r^  in  inches.  From  these  relationships,  it  can  be  seen  that  the 
temperature  variation  of  the  shaft  could  have  three  possible  paths  to 
influence  the  twist  angle,  i.e.,  through  the  influence  on  L,  on  J,  and  on  G. 

Effect  of  Thermal  Expansion  Influence  on  Shaft  Length 

Thermal  expansion  or  contraction  of  the  shaft  results  in  a  twist  angle  error 
d0  caused  by  the  shaft  length  variation  due  to  a  temperature  change  dT. 

This  becomes 


d0 


oG  dL 

*L  '  7? 


•  d'l 


57.3 


(8) 

(9) 
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The  relative  twist  angle  error  with  respect  to  the  operating  point  due  to 
the  thermal  expansion  or  contraction  can  then  be  obtained  by  dividing  the 
above  result  by  the  magnitude  of  the  operating  twist  angle. 


dt)  J_  dj_ 

0  L  dT 


(10) 


By  substituting  the  average  thermal  expansion  coefficient  for 

from  Table  III  over  a  500°F  temperature  range  for  the  assumed 
it  can  be  shown  that 


1  kk 

L  dT 


ob  ta i  ned 


typical  shaft, 


d 0 

0 


7.35  x  I0~6  dT 


(11) 


Therefore,  for  a  100°F  temperature  variation,  a  twist  angle  error  of  0.0735 
percent  will  be  contributed  by  the  shaft  thermal  exgans ion  or  contraction. 
If  the  temperature  uncertainty  can  be  limited  to  10  F,  this  error  will  be 
reduced  to  0.00735  percent. 


TABLE  III.  THERMAL  EXPANSION  COEFFICIENT  OF 
AM355  STAINLESS  STEEL 


Thermal  Expansion  Coefficient  (in./in./°F) 


Temperature  Subzero  Cooled 

(°F)  Annealed  l875°F/°F  Tempered  850°F/°F 


68 

to 

212 

8.3 

X 

10'6 

6.4 

X 

io'6 

68 

to 

572 

7.9 

X 

uf6 

6.8 

X 

io"6 

68 

to 

752 

8.3 

X 

to'6 

7.0 

X 

i<f6 

68 

to 

932 

9.4 

X 

,<f6 

7.2 

X 

io-6 

68 

to 

1150 

9.2 

X 

i<f6 

7.2 

X 

.o-6 

Effect  of  Temperature  Influence  on  Moment  of  Inertia 


The  thermal  error  of  twist  angle  due  to  the  temperature  effect  on  the 
moment  of  inertia  of  the  shaft  can  be  analyzed  in  a  way  similar  to  the 
previous  case, 


dO 


dO  dJ 

dJ  ‘  dT 


dT 


(12) 


57.3 


The  relative  error  becomes 


cj6 

0 


(13) 


0*0 


Since  J  is  a  function  of  two  linear  dimensions  r.  and  rA ,  will  be  evalu- 
,  ,  1  0  dT 

dri  dro 

ated  in  terms  of  -r=-  and  -r=— .  Using  the  formula  of  J  discussed  in  this 
dT  dl 

dJ  dr1  dr0 

section,  the  relationship  between  -7=-  and  -7=—  and  3=— 

d  l  d  l  d  l 


can  be  found  to  be 


dJ 

dT 


nr. 


dT 


05) 


and 
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Since  the  per-unit  thermal  expansion  coefficients  — 


dr. 


dT 


are 


the  same,  let  this  common  quantity  be  a  =  7.35  x  10  in./in./°F  and  factor 
them  outside  the  equation;  then 


1  dJ 
J  dT 


4}  29.4  *  I0"6  in./in./°F 


(19) 


and  the  corresponding  relative  effect  on  0  becomes 


dO 

r, 


(20) 


-29.4  x  I0~6  •  dT  (21) 

For  a  100°F  temperature  variation,  this  error  becomes  -0.29**  percent.  For 
a  10  F  measurement  accuracy,  this  relative  error  on  twist  angle  due  to 
changes  in  J  is  only  -0.029**  percent. 


Effect  of  Temperature  Influence  on  Modulus  of  Rigidity 


The  error  in  twist  angle  due  to  the  thermal  effect  on  the  modulus  of 
rigid i ty  is  given  by 


_i  dGi 
iG  *  dT 


dT 


The  relative  error  is  given  by 


(22) 


d6  1  dG 

G  0  ')G  ’  dT 


dT 


(23) 

(24) 


Based 

steel 
to  be 


on  the  thermal  data  of  the  modulus  of  rigidity  of  the  AM355  stainless 

d  G 

material  as  listed  in  Table  IV,  the  value  of  -r=  can  be  calculated 


d  G  ~  uG 
dT  AT 


-2.81  x  I03  psi/°F 

I 


(25) 
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Assuming  a  reasonable  operating  temperature  of  250°F,  the  relative  error  on 
twist  angle  due  to  the  thermal  change  in  modulus  of  rigidity  is  found  to  be 


2.58  x  I0~4  dT  (27) 


For  a  temperature  determined  within  10°F,  the  relative  percentage  error  due 
to  thermal  effect  on  modulus  of  rigidity  is  around  0.258  percent. 


Since  the  thermal  effects  on  the  three  quantities  discussed  herein  are 
deterministically  predictable,  the  total  inaccuracy  of  these  three  factors 
combined  should  therefore  be  the  algebraic  sum  of  the  three  individual 
errors  : 

d9  i  /  I  dL  I  dJ  I  (IG 


0 


total 


( 


L  dT 


dj 

dT 


G  dT 


) 


dT 


(28) 


2.36  x  I0"4  dT  (29) 

For  a  10°F  uncertainty  in  temperature  measurement  of  the  shaft,  the  total 
combined  error  due  to  the  three  items  discussed  will  be  around  0.236  percent. 


TABLE  IV.  TEMPERATURE  EFFECT  ON  MODULI  OF  ELASTICITY 
AND  RIGIDITY  OF  AM355  STAINLESS  STEEL 


Temperature 

(  F)  Modulus  of  Elasticity  E  Modulus  of  Rigidity  G 


80 

29.3 

1 1 .4 

1*00 

27.3 

10.5 

600 

26.0 

9-9 

700 

25.3 

9-6 

800 

24.6 

9-4 

ENVIRONMENTAL  INFLUENCES  ON  SENSOR  PERFORMANCE 


Generally,  in  terms  of  sensor  performance  degradation,  the  operating  envi¬ 
ronment  tends  to  change  the  inductance  and  resistance  of  the  coil  of  the 
magnetic  pickup  or  of  the  eddy-current  probe.  The  effect  of  this  change  in 
sensor  parameters  is  to  introduce  a  corresponding  change  in  the  time 
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constant  of  the  output  circuit.  And  finally,  the  uncertainty  in  the  time 
constant  will  then  be  reflected  as  an  error  to  the  time  delay  needed  to 
reach  the  given  triggering  level. 

Effect  on  Coil  Inductance 


The  inductance  of  a  long  solenoidal  type  of  coil  is  given  by 


L 


(30) 


where 


L  =  inductance  of  the  coil 
N  =  number  of  turns 
I-  =  permeability  of  the  core  material 
A  =  cross-sectional  area 
1  =  I ength  of  the  co i I 


Taking  the  natural  logarithm  of  both  sides  of  Equation  (30)  and  then 
differentiating  the  terms  with  respect  to  an  environmental  parameter  X 
(either  temperature,  vibration,  or  shock)  yields 
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For  a  given  amount  of  dX  change,  the  percentage  change  in  inductance 
becomes 


dL  i.  ,dN  dA  dl 

L  '  ^  N  "A  “I  (32) 


In  the  case  of  a  magnetic  pickup,  the  major  contributor  to  the  percentage 


change  of  the  coil  inductance  is  the 
the  number  of  turns  N  is  a  constant. 


-7—  term.  The  term  —  is  zero,  since 

V*  N 

The  terms  and  -  partially  cancel 


each  other  (besides,  their  individual  contribution  is  very  small--in  the 
range  of  0.001  to  0.002  percent).  The  temperature,  shock,  or  vibration 
changes  the  residual  magnetism  of  the  core  material  and  consequently  changes 
the  permeability  u.  Figure  12  shows  the  temperature  effect  on  the  residual 
magnetism  cor  various  Alnico  alloys.  For  a  typical  core  material  Alnico  V 
of  the  magnetic  pigkup,  a  2.5  percent  reduction  in  residual  magnetism 
results  from  a  500  F  temperature  increase.  The  reduction  of  residual  mag¬ 
netism  of  the  core  material  due  to  shock  or  vibration  is  shown  in  Figure 
13.  For  Alnico  II,  a  reduction  of  2  percent  is  caused  after  the  application 
of  1000  impacts  to  the  material.  For  Alnico  V  material,  the  reduction  will 
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Magnetization  Retained,  Percent_  Magnet i zat i on  Retained,  Percent 


Temperature,  °F 

Figure  12.  Residual  Magnetism  vs  Temperatures 
for  Various  Grades  of  Alnico. 


Figure  13.  Magnetic  Resistance  to  Impact. 
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probably  be  of  the  same  magnitude.  The  influence  of  combined  temperature 
and  shock/vibration  effects  could  create  a  worst-case  reduction  in  residual 
magnetism  of  5  percent.  The  influence  of  the  reduction  in  residua)  maq- 
netism  on  the  change  of  permeability  a  can  be  found  by  use  of  the  demagnet¬ 
ization  curve  of  a  specific  permanent  magnet  core  material  as  shown  in 
figure  14.  A  new  demagnetization  curve  can  be  constructed  by  subtracting 
the  amount  of  reduction  (5  percent  in  this  case)  from  the  original  demagnet¬ 
ization  curve.  This  new  curve  is  shown  as  the  dashed  line  in  Figure  1^. 
Usually,  the  magnet  will  be  operated  to  the  right  of  line  AO.  The  perme¬ 
ability  of  the  core  material  before  and  after  the  reduction  can  then  be 
found  by  measuring  the  average  slope  along  curves  BE  and  CD,  respectively. 
For  Alnico  V  material,  a  5-percent  reduction  in  residual  magnetism  results 
in  a  change  of  app rox ima te 1 y  5  percent  in  permeability  .  also  (and,  con¬ 
sequently,  a  5-percent  change  in  inductance). 

In  the  case  of  an  eddy-current  probe,  the  core  has  the  same  permeability 
as  air.  Temperature  change  will  cause  only  a  very  minute  change  in 

”  through  thermal  expansion  y—  and  y-^-  .  This  variation  will  be  the  same 
L  M  1 

in  the  magnetic  pickup  case--on  the  order  of  0.001  to  0.002  percent.  The 
shock/vibration  effects  wou 1 d  introduce  noise  to  the  output,  but  cannot 

change  through  any  of  the  parameters  listed  in  Equation  (32). 

Effect  on  Coil  Resistance 

The  only  parameter  that  has  an  effect  on  the  coil  resistance  is  the  operat¬ 
ing  temperature.  Temperature  changes  in  many  cases  will  cause  a  signif¬ 
icant  variation  in  the  coil  resistance  of  a  magnetic  pickup  or  an  eddy- 
current  probe.  For  a  500  F  temperature  variation,  this  change  could  amount 
to  85  percent  of  the  coil  resistance.  However,  the  effect  of  this  resis¬ 
tance  change  on  the  tine  constant  is  rather  small,  because  the  coil  resis¬ 
tance  contributes  only  a  very  small  part  of  the  total  resistance  involved 
in  the  time  constant  equation.  For  example,  an  8^-percent  change  in  the 
resistance  of  a  500--.  copper  coil  caused  by  a  500  F  temperature  variation 
contributes  only  a  0 .  k2$-pe rcen t  change  to  the  time  constant  because  of  the 
large,  100k.  load  resistance  used. 

INACCURACIES  DUE  TO  UNCERTA I  NT'i  IN  SIGNAL  DELAY  TIME 


There  are  four  major  contributors  to  the  uncertainty  in  the  delay  time 
associated  with  the  phasing  pulse  signals  generated  by  magnetic  pickups. 
Since  the  twist  angle  of  the  shaft  is  measured  as  the  time  differential 
between  the  phasing  pulses  from  two  pickups,  the  constant  part  of  the 
delay  time  causes  no  e: ror  and  only  the  uncertain  part  of  the  delay  time 
introduces  inaccuracy.  These  four  major  contributors  are:  (1)  uncertainty 

dL  ,  , 

due  to  variations  in  inductance  —  ,  (2)  uncertainty  due  to  variations  in 


dR 

res  1  stance  — , 

K 


(3)  uncertainty  due  to  variations  in  emf  delay  time,  and 
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Figure  14.  Demagnetization  Curve--Energy  Product 
and  B/H  Values  for  Alnico  VA. 
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(b)  uncertainty  due  to  variations  in  triggering  level  of  the  pulse  shaping 
circuit.  Items  (1)  and  (2)  act  on  the  delay  time  due  to  the  L/R  time  con¬ 
stant  of  the  pickup  circuit;  I  tern  (3)  acts  on  emf  delay  time  alone;  and 
I  tern  {b)  acts  on  both  the  delay  time  due  to  the  time  constant  and  the  delay 
time  due  to  emf  rise.  In  order  to  simplify  the  analysis,  all  four  items 
are  assumed  to  affect  both  delay  times.  This  assumption  will  result  in  a 
more  conservative  estimate  of  these  types  of  inaccuracies,  which  will  fur¬ 
ther  strengthen  the  findings  in  relation  to  the  actual  situation. 

As  pointed  out  under  Environmental  Influences  on  Sensor  Performance,  the 
variation  in  inductance  over  a  500  F  temperature  range  and  shock/vibration 

condition  is  approximately  5  percent;  i.e.,  ^  ^  5  percent.  The  variation 

in  coil  resistance  is  small  in  comparison  to  the  value  of  the  load  resist¬ 
ance  R  .  However,  because  of  the  manufacturing  tolerances  and  the  effect 

dRL 

of  aging,  the  variation  in  load  resistance  - —  could  become  significant, 

RL 

assuming  it  also  is  5  percent.  The  uncertainty  in  emf  delay  time  depends 
upon  the  fabrication  precision  achievable  with  the  phasing  pole  piece. 

This  uncertainty  is  on  the  order  of  20  percent  (10-mil  uncertainty  caused 
by  a  50 -m i 1  cutter).  The  uncertainty  of  the  triggering  level  is  ±b  mv  of  a 
20-mv  level.  Therefore  the  uncertainty  (b)  is  also  20  percent.  Assuming 
these  uncertainties  occur  randomly  and  that  they  affect  the  delay  time 
linearly,  the  total  effective  uncertainty  on  delay  time  can  be  obtained  by 
taking  the  RSS  value  of  these  four  factors.  This  turns  out  to  be 


dt 


de-LaX  =  29.2  percent 
del  ay 


(33) 


The  output  amplitude  of  a  monopole  pickup  decreases  linearly  with  the 
rotational  speed.  The  rise  time  of  the  signal  reaching  to  its  peak 
increases  linearly  with  the  decrease  in  speed.  Therefore,  the  worst-case 
dt 


effect  of 


‘delay 


to  reach  a  fixed  triggering  level  will  occur  at  the  low- 


de  1  ay 

speed  ena,  i.e.,  6000  rpm.  The  peak  amplitude  of  a  typical  monopole  pickup 
at  this  speed  is  around  5  volts.  The  delay  time  from  true  signal-zero  level 
to  the  20-mv  triggering  level  will  be  approximately  600  nsec  by  linear  pro¬ 


portioning.  The  uncertain  amount  of  this  delay  time  becomes  dt 


175 


delay 

nsec.  For  a  5~deg  full  scale  or  an  equivalent  of  139  jsec,  this  uncertainty 
in  delay  time  to  reach  the  triggering  level  will  amount  to  0.126  percent. 


INACCURACIES  DUE  TO  ELECTRONIC  CIRCUITRY 


Under  this  category,  the  major  contributors  are:  (l)  instability  of  clock 
pulses,  (2)  inaccuracy  of  the  counters,  (3)  inaccuracy  of  the  computation 
modulus,  and  {b)  inaccuracy  due  to  the  coincidence-interpolation  circuits. 
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The  stability  of  the  clock  oscillator  frequency  has  been  made  to  be  accurate 
within  0.002  percent  for  frequencies  up  to  30  MHz.  Since  the  phase  angle 
is  measured  by  counting  the  number  of  cycles  of  such  clock  pulses  passing 
through  the  opening  period  of  the  timing  gate,  the  same  percentage  inaccu¬ 
racy  will  be  transmitted  to  the  measured  phase  angle;  i  .  e . , 


cfr3 1 

6  'clock  pulse  instability 


0.002  percent 


(34) 


Because  the  counters  used  to  count  the  clock  pulses  may  either  add  or  miss 
one  count  due  to  the  transient  of  the  trigger  pulse,  the  accuracy  of  the 
counters  is  generally  ±1  count  per  number  of  counts  actually  measured.  If 
the  clock  frequency  used  is  high  enough  (say  30  MHz  to  50  MHz)  or  the 
coincidence- interpolat  ion  method  is  used  so  that  more  pulses  can  be  counted 
even  with  a  lower  clock  frequency,  the  accuracy  of  the  counters  can  be 
expected  to  be  0.2  percent  or  better. 


The  truncation  error  in  computation  will  be  the  major  inaccuracy  contributed 
by  the  computation  module. 


Assuming  a  6-tooth  phasing  gear  is  to  be  used,  the  equation  for  phase  angle 
becomes 


Let 

where  F  is 
o 

then 

Therefore 

Then 

Assume  6  = 

o 


the  true  fraction  and  AF  is  the  computation  error, 


6  =  (F  ±  AF)  60  =  60  F  ±  60  AF  =  9  ±  A6 

o  o  o 


9  =  60  F  and  A6  60  AF 

o  o 

9  eo  •  A9  _  .  A9_  .  _  AF_ 

9  9  9  F 


O  0  o  o 

5  deg  is  the  full-scale  value  of  6,  then 


F  — 

o  60 


0.083333333- 


(35) 

(36) 


(37) 

(38) 

(39) 

(40) 


If  the  decimal  point  is  set  at  ,  then  the  truncation  error  will  be 


AF  ^  0.0001  -  I  x  I0-4 


(41) 
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and  the  percentage  error  due  to  truncation  at  5th  digit  after  the  decimal 
point  becomes 


—  0. i 2  percent 

o 


m 


and  —  should  also  be  0. 12  percent. 

o 

The  inaccuracy  introduced  by  the  counters  used  in  the  coincidence- 
interpolation  circuits  has  already  been  accounted  for  in  the  estimate  of  the 
accuracy  of  the  counters.  The  other  remaining  source  of  inaccuracy  in  the 
coi nc i dence- interpol a t ion  circuit  part  is  the  uncertainty  in  the  triggering 
level  of  the  AND  gates  used  for  coincidence  checking.  This  inaccuracy  will 
show  up  as  a  variation  in  the  switching  time  of  the  gate.  This  variation 
can  be  as  large  as  20  percent  of  the  switching  time.  For  a  typical  AND  gate 
with  a  30-nsec  switching  time,  this  variation  could  amount  to  6  nsec.  In 
terms  of  the  minimum  full-scale  time-phase  of  approximately  6*t  usee,  the 
maximum  inaccuracy  of  this  type  will  result  in  an  error  in  measured  twist 
angle  of  0.01  percent.  The  tote!  effective  accuracy  due  to  electronic  com¬ 
ponents  can  be  calculated  by  using  the  RSS  rule  over  the  individual  inaccu¬ 
racies  just  discussed  and  is  found  to  be  around  0.233  percent. 

By  summing  up  the  inaccuracies  due  to  residual  thermal  inaccuracy  on  shaft 
twist  angle,  uncertainty  in  signal  delay  time  and  inaccuracy  of  electronic 
circuitry  in  RSS  fashion,  the  total  effective  system  accuracy  capability 
can  then  be  assessed.  This  total  system  accuracy  is  found  to  be  0.355  per¬ 
cent.  This  represents  an  estimate  of  the  typical  accuracy  the  system  would 
have . 


PHASE  ANGLE  SENSOR  SELECTION  AND  DESIGN  CONSIDERATIONS 


Evaluation  of  candidate  phase  angle  sensors 


Three  basic  types  of  sensors  were  evaluated  for  performing  the  phase  angle 
sensing  function:  variable  capacitance  proximity  transducer,  eddy-current 
proximity  transducer,  and  variable  reluctance  magnetic  pickup. 

The  variable  capacitance  proximity  measurement  approach  is  based  on  fre¬ 
quency  modulation  of  a  carrier  wave.  The  proximity  probe  is  designed  such 
that  its  capacitance  varies  with  displacement  from  metal  objects  (such  as 
gear  teeth).  This  variable  capacitance  forms  part  of  a  resonant  circuit 
that  controls  the  frequency  of  an  oscillator.  Hence,  a  change  in  the  prox¬ 
imity  of  the  probe  to  metal  is  converted,  via  a  change  in  capacitance,  into 
a  frequency  change  which  in  turn  is  converted  into  an  analog  dc  voltage  by 
a  reactance  converter. 

The  eddy-current  proximity  probe  operates  on  the  inductive  proximity  prin¬ 
ciple.  The  probe  contains  a  flat  coil  which  serves  both  excitation  and 
sensing  functions.  The  excitation  generates  an  alternating  magnetic  field. 
As  the  probe  nears  a  conductor,  eddy  currents  are  induced  in  the  conductor 
due  to  the  alternating  magnetic  field.  The  flow  of  eddy  current  in  the 
conductor  will  be  reflected  to  the  coil  as  an  increase  in  loss  to  the  probe 
excitation  source.  This  loss  is  a  function  of  the  distance  between  the  coil 
and  the  conductor  and  certain  material  properties  of  the  conductor,  such 
as  resistivity  and  core  loss,  if  it  is  ferromagnetic.  Because  of  the  smal  1 
absolute  ci  anges  normally  associated  with  these  eddy-current  losses  at  dif¬ 
ferent  distances,  a  general  method  of  sensing  this  change  in  loss  is  the 
use  of  a  tuned  oscillator  circuit.  The  eddy-current  coil  serves  as  the 
inductance  of  the  tuned  circuit.  The  increase  in  loss  reduces  the  Q  of  the 
tuned  circuit  and  thereby  reduces  the  amplitude  of  oscillation.  By  recti¬ 
fying  the  oscillation  amplitudes,  a  dc  voltage  proportional  to  the  distance 
or  other  material  properties  can  be  obtained.  The  eddy-current  method  works 
even  at  zero  speed.  However,  its  transduction  will  involve  the  use  of  more 
complicated  electronic  circuits. 

Tie  variable  reluctance  magnetic  pickup  is  a  self-excited  probe.  It  employs 
a  permanent  magnet  for  excitation  and  a  coil  for  sensing.  It  requires  rela¬ 
tive  motion  between  the  probe  and,  in  this  case,  a  ferromagnetic  object, 
or  armature.  The  arrangement  is  similar  to  an  electromagnet  and  its  arma¬ 
ture,  except  that  a  permanent  magnet  is  used  and  the  coil,  instead  of  being 
excited,  is  a  sensing  coil.  As  the  separation  between  the  probe  and  arma¬ 
ture  is  changed,  the  reluctance  of  the  magnetic  circuit  changes,  and  a  cor¬ 
responding  change  in  magnetic  flux  takes  place,  generating  a  voltage  in  the 
sensing  coil.  Where  the  armature  is  gear-shaped  and  rotating  at  high  rpm, 
several  hundred  volts  typically  can  be  generated  by  the  sensing  coil.  The 
permanent  magnet  could  be  replaced  by  an  electromagnet,  if  demanded  by 
environmental  considerations. 
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The  phase-angle  sensor  candidates  were  evaluated  with  respect  to  the 
fol lowing  factors : 


1.  Temperature  capability 

2.  Vibration  capability 

3.  Capabil ity  to  withstand  contamination 

k.  Rise  time  of  the  signal  transduced 

5.  Repeatability  of  signal 

6.  Speed  range  capability 

7.  Signal  conditioning  complexity  required 
Temperature  Capability 


As  far  as  temperature  capability  is  concerned,  the  capacitive  sensor  and 
the  eddy-current  sensor  types  are  about  equally  capable.  Both  can  operate 
under  a  temperature  up  to  1200°  to  1300°F.  The  temperature  capability  of 
the  off-the-shelf  magnetic  pickup  type  is  around  550°F.  The  main  limiting 
factor  is  the  Alnico  V  permanent  magnet  material  used.  The  temperature 
capability  of  this  third  type  of  sensor  possibly  could  be  pushed  up  to 
around  800°  or  900°F  if  h i gh- temperatu re  soft  magnetic  material  were  used 
and  the  electromagnet  approach  were  adopted  to  replace  the  permanent  magnet. 
Of  course,  this  would  slightly  increase  signal  conditioning  complexity. 

V  ibrat ion  Capab i 1  i  ty 

The  vibration  capabilities  of  the  three  types  of  sensors  appear  to  be  more 
or  less  the  same.  Both  the  capacitive  and  the  eddy-current  types  have  been 
used  on  a  J 57  turbojet  engine  with  vibration  environments  that  are  signifi¬ 
cantly  more  severe  than  those  specified.  Figure  15  shows  a  typical  vibra¬ 
tion  spectrum  under  which  the  aforementioned  sensors  were  located.  The 
magnetic  pickup  type  sensor  has  been  used  on  the  AiResearch  T76  turboshaft 
engines  for  torque  measurement.  Currently,  this  measurement  system  is 
under  qualification  test  for  Navy  logistic  aircraft  applications.  The 
vibration  levels  of  the  1250-hp  T 76  engine  are  comparable  to  those  of  the 
J 57  engine. 

Capability  to  Withstand  Contamination 

The  eddy-current  and  the  magnetic  pickup  types  of  sensors  can  withstand 
typical  contamination  at  the  selected  shaft  location  such  as  oil  mist, 
grease,  and  dust  or  sand,  with  little  or  no  problem.  The  sensors  of  these 
two  types  can  be  totally  encapsulated  in  hermetical  seals.  The  sensing 
mechanism  wi 1 1  not  be  hampered  by  the  contaminants  since  they  are  nonmetal- 
lic  and  have  approximately  unity  relative  permeability  (similar  to  that  of 
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the  air  gap).  On  the  other  hand,  the  sensing  mechanism  of  the  capacitive 
sensor  depends  on  the  dielectric  constant  of  the  air  gap.  The  presence  of 
oil  mist  or  grease  tends  to  perturb  this  dielectric  constant  and  consequen¬ 
tly  causes  noise  to  appear  in  the  sensor  output.  If  these  perturbations 
are  of  the  high-frequency  type,  however,  they  can  be  removed  electronically 
and  again  the  sensing  function  of  the  capacitive  sensors  probably  will  not 
be  impaired  by  the  contaminants. 

Rise  Time  of  the  Signal  Transduced 

Because  of  the  small  capacitance  needed  in  a  capacitive  sensor  and/or  the 
high  frequency  level  at  which  the  sensor  normally  operates,  capacitive 
probes  are  potentially  faster  than  the  other  two  types  (i.e.,  eddy-current 
and  magnetic).  Additional  lengthening  of  the  rise  time  of  a  capacitive 
sensor,  however,  is  introduced  by  the  reactance  conversion  circuits  if  an 
FM  transduction  scheme  is  used  in  generating  the  phasing  pulses.  The  rise 
time  of  an  eddy-current  probe  is  limited  by  the  amount  of  inductance  and 
resistance  needed  for  the  probe  to  operate.  The  ability  to  quicken  the 
signal  electronically  is  also  affected  by  the  relatively  low  sensor  output. 
The  sensor  rise  time  of  a  magnetic  pickup  is  limited  by  the  same  factors  as 
the  eddy-current  sensor;  however,  due  to  the  relatively  large  signal  output 
generated  by  a  magnetic  pickup,  the  rise  time  of  the  pulse  signal  can  be 
shortened  significantly  by  electronic  means. 

Repeatability  of  Signal 

In  terms  of  the  signal  repeatability  of  the  sensor  output  over  an  extended 
period  of  time  and  under  a  cyclically  varying  temperature  environment,  the 
magnetic  pickup  is  inferior  to  the  other  two  types  because  of  a  certain 
irreversible  process  of  a  permanent  magnet.  This  signal  repeatability  draw¬ 
back  of  a  magnetic  pickup  can  be  improved,  however,  if  an  electromagnet  is 
used  instead  of  the  permanent  magnet.  In  view  of  the  fact  that  the  signal 
processing  approach  adopted  for  the  digital  torque  measurement  system  does 
not  utilize  the  quantitative  amplitude  information  of  the  sensor  output 
signal,  the  repeatability  of  the  sensor  output  signal  does  not  appear  to  be 
a  dominant  factor  in  determining  the  sensor  type  selection. 

Speed  Range  Capability 

Both  the  capacitive  and  the  eddy-current  types  of  sensors  operate  on  a 
tuned-frequency  resonant  circuit  principle  that  theoretically  works  at  zero 
shaft  speed.  Therefore,  they  can  be  used  over  a  very  wide  range  of  shaft 
speeds  from  almost  stationary  to  the  maximum  of  26,000  rpm.  The  magnetic 
pickup  type  sensor  operates  on  a  principle  that  depends  upon  the  rate  of 
cutting  the  magnetic  flux  by  the  sensor  coil.  Consequently,  the  amplitude 
of  the  output  signal  will  be  in  direct  proportion  to  the  shaft  speed.  This 
type  of  sensor  is  not  suitable  for  extremely  low  speed  app 1 i cat i ons  .  In 
view  of  the  relatively  high  shaft  speeds  involved,  a  minimum  surface  speed 
of  600  ips  (at  which  the  coil  cuts  the  magnetic  flux  lines)  can  be  accomp- 
plished  easily.  With  this  level  of  surface  speed,  a  significantly  large 
signal  amplitude  can  be  expected  from  a  magnetic  pickup.  The  speed  range 
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capability  for  the  present  application  of  the  magnetic  pickup  appears  to  be 
as  good  as  that  of  the  other  two  types  of  sensors. 

Signal  Conditioning  Complexity 

The  signal  conditioning  complexity  of  the  three  types  of  sensors  considered 
is  in  the  following  order:  capacitive,  eddy-current,  and  magnetic.  The 
signal  conditioning  required  for  the  capacitive  sensor  is  the  most  complex 
because  of  the  employment  of  the  FM  scheme.  This  involves  the  use  of  a 
high-frequency  FM  oscillator,  a  reactance  conversion  module  to  change  the 
information  contained  in  the  frequency  modulation  into  analog  pulses,  and 
special  designs  to  stabilize  the  oscillator  against  temperature  and  vibra¬ 
tion  under  an  operational  environment.  The  use  of  the  operational  amplifier 
transduction  scheme  for  capacitive  probes  could  eliminate  the  need  for  the 
reactance  conversion  circuits,  but  in  return,  would  add  an  operational 
amplifier.  The  other  requirements  of  this  latter  scheme  will  remain  the 
same  as  the  FM  scheme.  Additionally,  the  operational  amplifier  scheme  will 
be  more  susceptible  to  noise  interference  from  other  sources.  The  dc- 
excited  scheme  could  get  rid  of  the  delicate  FM  oscillator  and  the  precisely 
tuned  reluctance  converter  altogether;  however,  the  high  dc  excitation  volt¬ 
age  required  may  become  objectionable  from  an  RFI  point  of  view. 

The  signal  conditioning  required  for  the  eddy-current  type  sensor  is  of 
about  the  same  complexity  as  the  operational  amplifier  transduction  scheme 
for  the  capacitive  sensor.  It  requires  the  use  of  an  oscillator  to  induce 
eddy  currents  into  the  phasing  pole  piece;  however,  the  stability  of  the 
oscillator  used  for  eddy-current  sensors  need  not  be  as  critical  as  that  of 
the  FM  oscillator  used  for  capacitive  sensors.  This  allows  a  certain  relax¬ 
ation  of  the  hardware  complexity. 


The  simplest  signal  conditioning  required  is  that  of  a  permanent  magnet 
sensor.  It  requires  practically  no  electronics.  The  signal  conditioning 
for  the  electromagnet  type  magnetic  pickup  sensor  is  nearly  as  simple, 
requiring  only  a  reasonably  well-regulated  dc  source  to  supply  the  needed 
magnetomotive  force  (MMF)  . 

From  the  signal  conditioning  requirement  point  of  view,  the  magnetic  pickup 
(permanent  or  electromagnet)  appears  to  be  the  most  desirable  choice. 

Table  V  provides  a  summary  of  the  aforementioned  comparisons.  On  the  basis 
of  these  comparisons,  it  was  concluded  that  the  permanent  magnet  pickup  is 
clearly  superior,  provided  that  its  temperature  capability  is  sufficient 
for  the  application. 

To  further  confirm  the  environmental  capability  of  the  magnetic  sensors,  a 
search  through  specifications  of  related  sensors  to  establish  their  typical 
characteristics  was  performed.  The  following  composite  environmental  char¬ 
acteristics  were  extracted  from  those  sources. 
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TABLE  V. 

SUMMARY  OF 

COMPARISONS 

Sensor  Type 

Capacitive  EJdy-Current 

Magnet i c 

Capab i 1 i ty 

Sensor 

Sensor 

P i ckup 

Temperature  capability 

Hi  gh 

High 

Med i urn 

Vibration  capability 

High 

High 

H  i  gh 

Contamination  capability 

Low 

High 

High 

Rise  time 

Fas  tes  t 

Med i urn 

Fas  t 

S i gna 1  repeatab i  1  i  ty 

Good 

Good 

Good 

Speed  adaptabi  1  i  ty 

H  i  gh 

H  i  gh 

Adequate 

S i gna  1  cond i t ioning 

Complex 

Moderate 

Simple 

Magnetic  Pickup  Environmental  Capabilities 


Temperature 

-  1 00°F  to  +800°F 

A 1 t i tude 

0  to  50,000  ft 

Humi d i ty 

95  percent  -  5  percent  per  MIL-E-5009D 

Fungus 

Compatible  with  MIL-E-5009D 

Sand  and  dust 

Compatible  with  MIL-E-5009D 

Vi  brat  ion 

5g  from  1 5  Hz  to  100  Hz 

5g  to  20g  from  100  Hz  to  150  Hz 

20g  from  150  Hz  to  500  Hz 

Shock 

30g  for  a  duration  greater  than  10  msec 

Rel iabi 1 i ty 

200,000  hr  MTBF 

kO 


Compared  with  the  required  temperature  of  -35°F  to  500°F  and  the  required 
vibration  of  1  to  10  g  from  10  to  10,000  Hz,  the  magnetic  sensors  should 
have  sufficient  environmental  tolerance  capability  for  the  subject  applica¬ 
tion.  Further  supporting  this  conclusion  is  the  fact  that  permanent  magnet 
generators  in  the  form  of  tachometers  for  control,  instrumentation,  and 
power  applications  are  commonly  used  on  aircraft  gas  turbine  engines. 

MAGNETIC  PICKUP  AND  PHASING  GEAR  DESIGN  CONSIDERATIONS 


The  design  problem  is  to  achieve  the  fastest  rise  time  and  highest  voltage 
output  for  the  gear-pickup  combination.  Because  of  the  wide  variety  of  com¬ 
mercially  available  pickups,  it  should  not  require  a  special  design. 

From  a  theoretical  viewpoint,  this  problem  is  extremely  difficult  because 
of  the  problems  in  analytically  deriving  expressions  that  will  adequately 
describe  the  reluctance  of  the  applicable  magnetic  circuits.  However,  the 
problem  is  not  too  difficult  if  approached  empirically. 


A  wide  variety  of  magnetic  pickups  and  phasing  gear  configurations  can  be 
used.  All  of  these  possibilities  may  be  simply  represented,  however,  by 
Figure  16,  which  shows  the  flux  paths  for  a  generic  configuration. 


Figure  16.  Magnetic  Pickup  Flux  Paths. 


In  Figure  16,  the  permeances,  Pq1  and  Pg2,  are  functions  of  8  and  change 
as  the  phasing  pole  sweeps  by  the  probe.  The  rise  time  of  the  output  is 
proportional  to  rates  at  which  these  permeances  change;  i.e., 


e  = 


(43) 


=  F  P 
m 


(44) 
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Since  F  is  relatively  constant  for  this  circuit  (and  is  the  magnetomotive 
force  supplied  by  the  permanent  magnet),  then 


e 


-N 


F  ^ 
m  dt 


(45) 


=  N  F 


dP  _  d0 
m  d0  dt 


(46) 


where  —  =  rotational  speed. 

This  may  also  be  seen  in  Figure  17,  which  is  the  electrical  analog  of  the 
magnetic  circuit  (where  resistance  is  proportional  to  1/P)  .  Pj_ ,  the  per¬ 
meance  of  the  leakage  paths,  and  P^ ,  the  permeance  of  the  external  flux 
paths  not  associated  with  the  phasing  pole,  are  relatively  constant.  The 
current  in  this  circuit  (the  flux  analog)  increases  as  the  permeances,  Pg] 
and  Pq2,  increase. 


Figure  17-  Magnetic  Circuit  for  Pickup. 

Figure  18  shows  the  characteristic  output  of  the  probe  as  the  leading  edge 
of  a  phasing  pole  sweeps  by.  This  figure  also  shows  that,  all  other  things 
remaining  constant,  the  smaller  the  probe  diameter,  the  sharper  the  output 
pulses . 

The  following  paragraphs  discuss  the  key  factors  in  selecting  a  probe¬ 
phasing  gear  design. 


Relative  Velocity 


As  shown  by  Equation  46,  the  pickup  output  is  directly  proportional  to  the 
velocity  of  the  phasing  po’e  as  it  sweeps  by.  In  relative  terms, 


(47) 


where  r  is  the  radii.,  of  the  phasing  gear.  This  shows  that  for  a  given 
probe  and  pole  geometry,  the  output  can  be  increased  by  increasing  the 
rotational  speed  or  the  radius  of  the  phasing  gear. 


Gap  Distance 


When  a  phasing  gear  is  directly  centered  over  the  probe,  the  permeance  is 
approximately  proportional  to  1/g  where  g  is  the  separation  between  the  pole 
and  probe,  or  the  gap  distance.  Thus,  the  total  flux  change  during  a  cycle 
is  also  proportional  to  1/g,  and 


(48) 


That  is,  the  output  is  inversely  proportional  to  the 
illustrate,  one  probe  under  consideration  provides  a 
output  at  a  gap  distance  of  0.005  in.  and  a  speed  of 
same  speed  and  a  gap  distance  of  0.025  in.,  which  is 


gap  distance.  To 
200-volt  peak-to-peak 
1 000  i n . /s ec  .  For  the 
considered  desirable 


43 


for  the  torque  sensor  due  to  other  considerations,  the  output  will  be 
approximately 


200  ofo25  =  V  P"P  (49) 

This  is  considered  an  adequate  output. 

Probe  Size 


The  smaller  the  probe  is  in  diameter,  the  faster  will  be  its  rising  time 
(see  Figure  3).  However,  the  smaller  probes  deliver,  in  general,  a  smaller 
output  voltage.  Since  a  high  output  voltage  is  also  desired  for  triggering, 
the  criterion  used  in  this  area  was  to  maximize  voltage  output/rise  time  in 
the  selection  of  pickups. 

Phasing  Gear  Configuration 

The  optimum  phasing  gear  configuration,  apart  from  diameter,  is  related  to 
the  pickup  geometry.  The  "gear"  teeth  should  change  abruptly  with  0,  should 
have  approximately  the  same  area  as  the  total  pickup  tip  area,  und  should  be 
spaced  such  that  adjacent  teeth  have  essentially  no  effect  on  the  change  in 
reluctance  provided  by  the  tooth  sweeping  across  the  face  of  the  pickup. 

In  general,  this  is  satisfied  by  a  gear  having  a  pitch  value  of  8  or  less, 
where 


Pitch 


no.  of  teeth  +  2 
gear  diameter 


(50) 


TEMPERATURE  COMPENSATION 


METHOD  TO  COMPENSATE  FOR  THERMAL  EFFECT  ON  TWIST  ANGLE 

is  disclosed  in  the  previous  discussion,  the  error  in  twist  angle  due  to 
he  various  temperature  effects  could  become  significant  if  it  is  not  com- 
jensated.  This  compensation  generally  requires  determination  of  the  tem- 
oerature  of  the  shaft  in  operation.  Because  of  the  smaller  sensitivity  of 
these  effects  to  temperature,  however,  the  temperature  of  the  shaft  need  not 
oe  determined  very  accurately.  A  temperature  measurement  accurate  to  within 
10°F  of  the  actual  temperature  should  yield  no  more  than  0.236  percent  rela¬ 
tive  error  due  to  all  the  thermal  effects  on  the  shaft.  In  view  of  the 
relatively  small  range  of  the  shaft  temperature  variations,  about  100°F*, 
it  appears  to  be  possible  to  measure  this  temperature  accurately  within  1 0°F 
without  using  the  contact  type  of  sensors  such  as  thermocouples  or  thermo- 
resistive  temperature  measurement  devices.  Four  possible  methods  for  non¬ 
contacting  determination  of  the  shaft  temperature  were  investigated  during 
the  program  period: 

1.  Inferential  computation  method 

2.  Infrared  method 

3.  Temperature-dependent  alternator  method 

k,  Temperature-dependent  eddy-current  method 

The  inferential  computation  method  measures  the  temperature  of  the  station¬ 
ary  parts  around  the  shaft  and  then  computes  the  temperature  of  the  shaft 
by  using  a  heat-trans fer  model.  This  method  requires  temperature  measure¬ 
ments  at  several  fixed  locations,  and  needs  an  accurate  heat  transfer  model. 
It  also  demands  that  a  small  amount  of  complicated  computation  capability 
be  designed  into  this  temperature  measurement  subsystem.  In  view  of  the 
existence  of  the  main  rotor  downwash  and  the  engine  inlet  airflow  at  the 
selected  shaft  location,  it  may  be  difficult  to  accomplish  the  10°F  meas¬ 
urement  accuracy  without  knowledge  of  the  downwash  and  engine  inlet  airflow. 

The  infrared  method  is  a  method  of  measuring  the  temperature  of  an  object 
without  contact  by  sensing  the  infrared  radiation  emitted  from  that  object. 
Cormercial  infrared  temperature  measurement  devices  have  been  developed  to 
measure  low  temperature  (0°  to  300°F,  or  200°  to  600°F)  with  an  accuracy  of 
±2  percent  at  a  distance  of  from  6  inches  to  several  feet.  The  problem  with 


*Ext rapol  a  ted  from  the  input  quill  temperature  data  of  UH-1  helicopters 
included  in  USAAVLABS  Technical  Report  70- A6,  DESIGN  CRITERIA  FOR  AN 
INSPECTION  AND  DIAGNOSTIC  SYSTEM  FOR  THE  UH-1D  HELICOPTER,  Eustis  Dir¬ 
ectorate,  U.S.  Army  Air  Mobility  Research  and  Development  Laboratory, 
Fort  Eustis,  Virginia,  November  1970,  AD  879623. 
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this  type  of  device  for  the  application  discussed  herein  is  the  inherent  low 
environmental  temperature  capability  (around  120°F)  of  this  type  of  device. 

The  temperature-dependent  alternator  method  utilizes  a  specially  designed 
electric  generator  with  permanent  magnet  poles  mounted  on  the  shaft  and 
emf-generat ing  coils  in  the  surrounding  stator  housing.  The  magnetic  induc¬ 
tion  of  the  permanent  magnet  poles  changes  with  temperature.  Consequently, 
the  induced  emf  in  the  stator  coil  also  will  be  a  function  of  temperature. 
This  function  can  be  obtained  by  cal ibration  and  the  compensation  can  be 
done  by  using  a  single  variable  function  generator.  The  alternator  design 
itself,  however,  could  be  quite  an  effort.  In  addition,  the  irreversible 
hysteresis  loop  of  the  permanent  magnet  traced  out  by  the  temperature  varia¬ 
tion  also  may  cause  difficulty  in  accomplishing  the  ±10°F  accuracy 
object i ve. 

The  temperature-dependent  eddy-current  method  utilizes  the  temperature- 
dependent  nature  of  the  resistivity  of  a  nonferromagnetic  metal  or  the  core 
loss  of  a  ferromagnetic  metal  to  indicate  the  temperature  of  the  metal  ic 
body  being  tested.  In  this  case,  an  equivalent  transformer  is  formed  by 
the  eddy-current  probe  coil  and  the  conductive  s  i  nk  mater i al  ,  with  the  coil 
being  the  primary  and  the  sink  being  the  secondary  of  the  equivalent  trans¬ 
former.  When  the  temperature  of  the  sink  material  changes,  the  energy  loss 
due  to  the  sink  material  will  be  reflected  to  the  primary  as  a  change  of 
the  coil  Q--the  required  energy  for  excitation.  By  properly  measuring  this 
reflected  circuit  change,  a  noncontacting  temperature  measurement  of  the 
sink  material  can  be  obtained.  Both  f erronagnet i c  and  nonferromagnetic 
metals  can  be  used  in  the  sink.  However,  the  temperature  character i s t i cs 
of  the  core  loss  of  a  ferromagnetic  material  are  more  complex  than  those  of 
the  resistivity  of  a  nonferromagnetic  metal.  The  amount  of  change  due  to 
temperature  change  depends  upon  the  particular  sink  metal  material  select¬ 
ed.  This  temperature-dependent  eddy-current  method  for  noncontacting  tem¬ 
perature  measurement  for  the  rotating  shaft  would  require  a  stationary 
eddy-current  probe  and  a  soft  magnetic  eddy-current  energy  sink  mounted  on 
the  shaft.  This  eddy-current  energy  sink  can  be  designed  in  such  a  way 
that  it  will  appear  as  a  homogeneous  surface  to  the  eddy  current  and  pro¬ 
vide  good  heat  conduction  from  the  shaft,  but  will  be  subject  to  very 
little  stress  caused  by  the  applied  torque.  The  variations  in  core  loss 
then  can  be  limited  to  those  caused  by  the  temperature  changes  only.  The 
geometry  and  the  stress  level  then  will  have  very  little  influence  on  the 
resultant  core  loss  change.  Among  the  four  possible  compensation  methods 
investigated,  the  temperature-dependent  eddy-current  method  appears  to  be 
the  most  prorising  one.  It  requires  only  a  rather  simple  and  reliably 
built  sensing  probe  and  energy  sink.  The  signal  conditioning  and  computa¬ 
tion  electronics  are  also  the  lowest  for  the  eddy-current  approach  for 
noncontacting  measurement  of  shaft  temperature.  The  compensation  of  non¬ 
linear  output  relationship  versus  temperature  can  be  accomplished  with  a 
sinale  variable  function  generator.  However,  if  the  temperature  measure¬ 
ment  is  used  for  diaital  compensation  such  as  in  tie  subject  case,  the 
compensation  of  nonlinear  relationship  can  be  implemented  easily  in  the 
anal og- to-d i g  i  tal  converter  by  employing  a  read-only-memory  (ROM)  for  the 
nonlinear  digitization. 
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TEMPERATURE  COMPENSATION  BY  USE  OF  EDDY-CURRENT  PROBES 


In  view  of  the  greater  potential  and  the  relative  ease  in  implementation 
of  the  eddy-current  probe  method  for  noncontact  temperature  sensing  over 
the  other  three  methods,  more  refined  analyses  were  performed  on  this 
method  during  the  program  period  to  substantiate  its  feasibility  for  the 
intended  application.  These  analyses  covered  the  following  four  areas: 

(1)  theoretical  derivations,  (2)  evaluation  of  supporting  data,  (3)  the 
effect  of  flux-cutting  due  to  shaft  rotation,  and  (4)  the  effect  of  stress 
in  the  eddy-current  sink.  In  items  (3)  and  (4),  not  only  the  effects  or 
their  influences  were  investigated,  but  solutions  to  minimize  such  effects 
or  to  compensate  for  them  by  computational  corrections  were  recommended. 

Theoretical  Derivations 

The  equation  that  governs  the  operation  of  an  eddy-current  probe  is  the 
electric-curl  equation  of  the  well-known  Maxwell's  equations  of  the 
electromagnetic  theories;  i .  e .  , 


E 


(51) 
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vector  gradient 
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The  vectors  E  and  H  are  to  be  sinusoidally  excited;  therefore,  they  can  be 
rewritten  as  follows  to  isolate  the  time-varying  part: 


E  =  E  ejxt 

0 

(52) 

H  =  H  ejjt 

(53) 

0 

where  eJJ' 1  represents  the  sinusoidally  time-varying  part,  and  E  and  H 
are  now  spatial  vectors  only.  0  ° 


Substituting  E  and  H  from  Equation  (52)  into  Equation  (51),  gives 


or 


-jxuH 


(5*0 


— * 
H 

o 


I 

j  Wu 


(55) 


Since  the  current  density  flowing  in  the  eddy-current  sink  is  related  to 
the  electric  field  by 

E°  '  (56) 


where  d  is  resistivity  of  the  sink  material  and  is  a  function  of  temper¬ 
ature  T,  Equation  (55)  becomes 


H  -  O2-  V  x  ^ 

O  j  JLU  O 


(57) 


Considering  the  case  where  the  nonmagnetic  metal  is  used  as  the  sink 
material,  then 


3T 


bT 


(58) 


and  the  relative  magnitude  of  this  magnetic  field  variation  becomes 


For  a  given  temperature  variation  AT,  this  gives 


|HqI  °  (60) 

Thus,  the  variation  in  the  resistivity  of  the  sink  material  due  to  temper¬ 
ature  changes  will  cause  a  corresponding  variation  in  the  magnetic  field. 
Since  this  magnetic  field  is  established  by  the  electric  energy  supplied 
to  the  probe  coil,  the  variation  in  the  current  or  voltage  supplied  to  the 
probe  becomes  an  indication  of  the  variation  of  the  temperature-dependent 
resistivity  of  the  sink  material. 


In  order  to  determine  whether  such  a  resistivity  change  will  result  in  any 
measurable  output,  the  theoretical  relation  and  values  of  two  typical  non¬ 
magnetic  metals  (i.e.,  copper  and  aluminum)  are  used  to  provide  an  esti¬ 
mate.  The  temperature-resistivity  relationship  is  as  follows: 

J  V1  ’  aT  (61) 

where  p  is  the  resistivity  at  a  reference  temperature,  a  is  the  temper¬ 
ature  coefficient  of  the  resistivity,  and  T  is  the  temperature  measured 
from  that  reference  point.  Taking  the  natural  logarithm  of  both  sides  of 
Equation  (61)  yields 


In  j  In  co  '  In  I  *  ^T  (62) 

Differentiating  with  respect  to  T  and  transposing  the  dT  term  gives 

adT  —  (63) 

p  I  +  ■%  I 

For  copper,  ot  2  0.0035  per  °F.  At  T  =  300°F,  and  for  a  dT  =  100°F,  the 
percentage  change  in  resistivity  becomes 

^-  !  -  1 7 .  i  pe rcent  (6A) 

0  copper  v  ' 


Similarly,  for  aluminum, 


■  a  1  urv 
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14  percent 


(65) 


with  a  temperature  coef  f  i  c  i  ent  a  2  o  .00239  per  °F.  Assuming  an  operating 
voltage  of  10  v,  a  14  to  17  percent  resistivity  change  would  produce  an 
output  variation  of  1  .*♦  to  1.7  v,  which  is  definitely  measurable  with 
present-day  electronics. 


Evaluation  of  Supporting  Data 

In  order  to  support  the  theoretical  prediction,  experimental  data  existing 
in-house  at  AiResearch  were  evaluated  to  verify  the  predicted  magnitude  of 
output  variation  with  temperature  change  for  different  sink  materials  (see 
Figures  19  through  23).  The  data  are  expressed  as  plots  of  eddy-current 
probe  signal  conditioner  output  voltage  versus  displacement  for  different 
operating  temperatures.  Since  the  output  voltage  is  proportional  to  the 
eddy  current,  which,  in  turn,  is  proportional  to  the  resistivity,  the 
variation  in  output  voltage  is  representative  of  the  resistivity  change  of 
the  sink  material.  The  output  voltage  percentage  change  for  a  temgerature 
change  of  100  F  from  an  operating  temperature  of  approximately  300  F  is 
listed  in  Table  VI  for  the  various  sink  materials  evaluated. 
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Figure  19.  Test  Data. Plot  for  Al  2024  Sink  Material. 
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Output , 


Displacement,  mils 


Figure  20.  Test  Data  Plot  for  M-50  Steel  Sink  Material. 


Figure  21.  Test  Data  Plot  for  4340  Steel  Sink  Material. 
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D i s p I acemen l ,  mils 


Figure  22.  Test  Data  Plot  for  AMS-5659  Stainless 
Steel  Sink  Materi al . 
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Probe  LSK  35800  and  Special  Nut  at 
Temperature  E  1  ect  romi crome ter 
Osci I lator  LSK  31368  at  70°F 


D i sp I acemen t ,  mils 


Figure  23 


Test  Data  Plot  for  1 7~*tPH  Stainless  Steel 
Sink  Ma ter ia 1 . 
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TABLE  VI  .  MEASURED  OUTPUT  VOLTAGE  CHANGE  DUE 
TO  100°F  TEMPERATURE  CHANGE 


S  ink 

Material 

Used 

Output  Vol tage 
Percentage 

Change 

Remarks 

2024  A 1  alloy 

23 

- 

M-50  steel 

52 

Highly  nonl i near 

with  temperature 

change 

4340  steel 

38 

Fairly  1 i nea  r 

AMS-5659  stainless  steel 

17 

Fa i rly  1 i near 

1 7-4  PH  stainless  steel 

10.8 

Fairly  1 i near 

NOTE:  Operating  temperature 

300°  F 

The  experimentally  obtained  output  change  for  aluminum  appears  to  be  higher 
than  the  expected  theoretical  value  (23  percent  actual,  versus  14  percent 
predicted).  The  deviation  is  considered  to  be  attributable  to  (1)  insuffi¬ 
cient  data  curves,  (2)  error  introduced  due  to  interpolation,  (3)  non¬ 
linearity  of  the  eddy-current  probe  output,  and  (4)  difference  between  an 
aluminum  alloy  and  a  pure  aluminum  material.  Table  VI  also  shows  that  a 
significantly  larger  output  change  is  obtained  from  certain  ferrous  metals; 
e.g.,  M-50  and  4340  steel.  Although  this  larger  percentage  output  change 
permits  easier  measurement,  the  accompanying  large  change  in  magnetic 
properties  generally  complicates  the  problem. 


Effect  of  Flux-Cutting  Due  to  Shaft  Rotation 


The  previous  analyses  were  based  on  a  static  condition  in  which  the  cur¬ 
rent  generated  in  the  material  was  by  induction  only.  When  the  probe  is 
used  on  a  rotating  shaft,  an  additional  current  flow  in  the  sink  material 
could  be  caused  by  the  flux-cutting  generator  effect  due  to  the  motion 
of  the  metallic  surface  beneath  the  probe  coil.  This  following  discussion 
analyzes  such  an  effect  and  determines  whether  such  a  current  component 
can  be  minimized  or  corrected  by  computation.  Figure  24  depicts  such  a 
dynamic  condition.  The  probe  coil  is  assumed  to  be  rectangular  in  cross 
section  to  simplify  the  analytical  manipulations.  The  normal  component 
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Magnetic  Flux  Lines 


d 


Area  of  Integrations 


Figure  2b .  Magnetic  Field  at  the  Surface  of 
an  Eddy-Current  Sink. 
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By  at  the  air-metal  boundary  surface  is  zero  because  of  the  boundary 
condition  of  a  magnetic  field  after  entering  a  metallic  medium.  Letting 

— *  j  jl  t 

B  =  e  be  the  sinusoidal  magnetic  induction,  then 
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(66) 


The  induced  voltage  in  the  material  can  be  calculated  from  the  curl  equa¬ 
tion;  i  .  e .  , 
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(69) 


Assuming  BQ  is  more  or  less  uniformly  distributed  over  the  cross-sectional 
area  A^  =  Id,  then 
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w he  re 


is  the  magnitude  of  B  .  which  is 
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oz 


Ve 


I e .  ,  jl  1  d  \/  B  “  B 

nd  V  ox  oz 


(71) 


The  flux-cutting  emf  can  be  calculated  from  the  generator  equation 
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and 
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where  a  is  the  skin  depth. 

The  magnitude  ratio  of  these  two  emf's  then  becomes 


(74) 

(75) 


I e  i  nd 


In  order  to  minimize  the  emf  due  to  flux-cutting,  three  parameters  can  be 
used:  1,  d,  and  uu.  The  maximization  of  1  is  not  recommended  because  the 

residual  magnetic  component  due  to  a  finite  conductivity  may  still 

interact  with  this  length  to  cause  a  certain  flux-cutting  emf  in  the  sink 
material.  Both  d  and  <u  can  be  maximized  to  increase  the  ratio.  The  fre¬ 
quency  x  is  the  most  desirable  parameter  to  optimize,  because  it  reduces 
the  value  of  the  skin  depth,  a,  when  it  is  increased.  For  a  typical  coil 
operating  under  a  frequency  of  10  kHz  or  more,  the  ratio  of  the  magnitude 
of  the  induced  emf  to  the  magnitude  of  the  flux-cutting  emf  will  be  on  the 
order  of  1000  to  1  or  better.  This  means  that  the  error  caused  by  the 
flux-cutting  emf  will  probably  be  less  than  0.1  percent  of  the  temperature 
measured.  In  the  worst  case,  even  if  such  a  small  error  were  to  become 
intolerable,  the  flux-cutting  emf  error  could  be  corrected  by  computation, 
because  the  magnitude  of  such  an  emf  changes  directly  with  the  shaft 
rotational  speed  and  the  speed  information  can  be  readily  extracted  from 
the  phasing  pulse  signals.  However,  additional  electronics  will  be  needed 
to  extract  such  information. 

Effect  of  Stress  in  Eddy-Current  Sink 

Changes  in  the  stress  levels  existing  in  the  eddy-current  sink  material 
also  tend  to  change  the  resistivity  and  the  core  loss  parameters  of  the 
material  used.  Such  changes  obscure  the  changes  caused  by  the  temperature 
variations;  the  occurrence  of  such  changes  will,  therefore,  cause  an  error 
in  the  measurement  of  the  temperature  of  the  shaft.  There  are  two  ways  to 
minimize  this  temperature  measurement  error:  (1)  design  the  eddy-current 
sink  in  such  a  way  that  it  provides  good  thermal  conduction  from  the  shaft 
but  is  not  subject  to  the  same  torsional  stress,  and  (2)  compensate  for 
the  error  during  the  computation  of  torque.  Approach  (l)  can  be  accom- 
pl ished  by  mounting  the  eddy-current  sink  on  spring  contacts  to  allow 
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freedom  of  rotation  of  the  sink  with  respect  to  the  shaft.  Approach  (2) 
can  be  carried  out  once  the  necessary  relationships  are  established  as 
discussed  below.  It  is  known  that 


e  = 


57-3^ 


(77) 


where  6  =  twist  angle 


t  =  torque 

J  =  polar  moment  of  inertia  of  shaft 
L  =  shaft  length 


G  =  modulus  of  rigidity 

The  values  of  L  and  J  change  only  slightly  with  temperature  and  conse¬ 
quently  can  be  regarded  as  constants.  The  modulus  of  rigidity  G  decreases 
linearly  with  temperature  increase;  therefore,  it  can  be  expressed  as 
f o 1 1 ows : 


G  G  I  -  K_T 
o  2 


(78) 


where  G  is  a  constant  reference  value,  K.  is  the  temperature  coefficient 
o  ^ 

of  the  modulus  of  rigidity,  and  T  is  the  temperature.  By  substituting 
this  expression  for  G  into  Equation  (77),  the  twist  angle  becomes 


K,  I  +  K2T 


(79) 


And  the  true  torque  can  be  calculated  as 


tG 


K,  I  -  K2T 


(30) 


Since  T  is  measured  by  a  voltage  representing  the  eddy-current  flow  which 
is  influenced  by  both  the  temperature  and  the  stress  (or  twist  angle  6)  of 
the  shaft. 
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or 


T  = 


I 


(82) 


Finally,  the  true  torque  that  is  applied  to  the  shaft 
in  terms  of  the  two  measured  quantities  c  and  e 

eddy 


can  then  be  expressed 
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_ 3  o 


2  ~°eddy 


(83) 


The  constants  ,  l<2 ,  K  and  the  functional  relationship  f(e)  can  be 
obtained  experimentally?  Therefore,  the  true  value  of  the  applied  torque 
can  be  either  computed  or  calibrated  in  terms  of  6  and  e  ..  without  too 
much  difficulty.  eddy 

EXPERIMENTATION  ON  SELECTED  SINK  MATERIAL 

A  considerable  amount  of  experimental  effort  was  spent  on  the  noncontacting 
eddy-current  temperature  sensor  to  evaluate  the  temperature  sensitivity  and 
the  measurement  repeatability  of  some  of  the  most  promising  eddy-current 
sink  materials  and  probes.  The  4340  steel  and  the  pure  copper  were  selec¬ 
ted  for  additional  experimental  evaluations.  The  4340  steel  sink  material 
shov/ed  the  highest  signal  sensitivity  and  linearity  with  respect  to  temp¬ 
erature  change  among  the  ferrous  metals  investigated.  The  pure  copper 
•was  the  best  of  the  practical  pure  conductive  type  materials.  Five  samples 
of  each  kind  of  sink  material  were  prepared  for  the  tests.  Two  designs  of 
eddy-current  probes  were  used;  the  type  31 4-L30  probe  is  good  to  500  F, 
while  the  type  306-3348  probe  is  good  to  1300°F.  The  probes  are  about’  1 A 
to  1/3  in.  diameter,  with  inductances  of  approximately  35  -ih. 

The  experimental  data  indicated  that  the  4340  steel  was  relatively  less 
stable.  Figure  25  shows  a  plot  of  output  versus  gap  distance  wi th  temper¬ 
ature  as  a  third  parameter  for  a  4340  steel  sample  before  it  was  specially 
temperature  cycled.  High  temperature  sensitivity  as  evidenced  by  the  wide 
separation  of  the  curves  was  observed  (as  was  anticipated).  However,  a 
significant  amount  of  temperature  hysteresis  was  also  observed  when  the 
metal  sample  temperature  was  reduced  to  350°F  after  reaching  a  high  level 
of  605  F.  Figure  26  shows  a  test  plot  of  the  same  steel  sample  under 
identical  test  conditions  after  the  sample  had  been  temperature  cycled 
from  ambient  to  700  F  several  times  before  the  test.  A  drastically  differ¬ 
ent  set  of  curves  was  observed.  Temperature  sensitivity  decreased  sharply; 
however,  the  temperature  cycling  did  reduce  the  hysteresis  and  improve  the 
repeatability  of  the  measurement.  By  proper  adjustment  of  two  circuit 
parameters  of  the  eddy-current  probe  signal  oscillator,  temperature  sensi¬ 
tivity  was  improved.  Figure  27  shows  the  improved  set  of  curves  and  Figure 
28  shows  the  output-vol tage-to-temperature  relationship  at  a  gap  distance 
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Figure  25.  Test  Data  for  43^0  Stee1--Not  Temperature  Cycled. 
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Coil  Type:  306-3348 
Linearity  Resistor:  47P 
Slope  Resistor:  47  kfi 
Material:  4340  Steel,  Sample  No 
After  Temperature  Cycl ing 
Increasing  Temperature 


Figure  27.  Improved  Test  Data  for  4340  Steel 


D i sp I acement  ,  mils 


Figure  28.  Improved  Output  vs  Temperature  Data  for  4 3^+0  Steel. 


of  1 40  mils.  As  shown  in  Figure  28,  the  output-vol tage- to- temperature 
relationship  does  not  show  a  1-to-l  correspondence  between  the  output  and 
the  temperature-- there  are  two  possible  temperature  readings  for  a  given 
output  voltage  level.  The  temperature  sensitivity  was  reduced  to  16.4  per¬ 
cent  per  100  F  at  300°F,  as  contrasted  to  38  percent  per  100  F  temperature 
change  from  other  tests.  The  primary  reduction  in  sensitivity  was  caused 
by  the  rise  in  dc  level  at  the  300  F  operating  point. 

The  experimental  data  on  the  pure  copper  sink  material  showed  much  more 
promising  results.  The  data  from  these  five  copper  samples  (of  which 
samples  Nos.  1  through  3  were  temperature  cycled,  and  samples  Nos.  4  and  5 
were  not  temperature  cycled)  showed  that  the  results  were  highly  repeatable 
and  the  temperature  sensitivity  was  close  to  the  predicted  value  of  17  per¬ 
cent.  Figure  29  shows  a  set  of  curves  made  for  sample  No.  5  during  an 
increasing  temperature  sequence.  Figure  30  shows  the  results  of  an  iden¬ 
tical  test  on  the  same  sample,  but  during  a  decreasing  temperature  sequence. 
Figure  31  shows  the  test  results  on  a  temperature-cycled  sample,  (No.  3) 
under  an  identical  test  condition,  but  performed  on  a  different  day.  Fig¬ 
ure  32  gives  an  example  of  the  repeatability  of  the  data  from  the  five 
samples  at  a  metal  temperature  of  203  F.  The  deviation  from  the  average 
of  these  curves  is  about  0.05  v.  Considering  the  resolution  limitation 
and  the  accuracy  limitation  of  the  rudimentary  test  setup  and  the  data 
plotting  equipment,  the  actual  repeatability  of  the  data  should  be  better 
than  0.05  v.  It  was  frequently  observed  during  the  tests  that  even  a 
temperature  difference  of  about  1  F  could  consistently  be  indicated  by  the 
eddy-current  temperature  sensor  when  a  better  display  device  such  as  a 
digital  voltmeter  was  used.  By  plotting  the  output  voltage  versus  the 
metal  temperature  under  a  constant  gap  distance,  the  temperature  output 
relationship  can  thus  be  established  (see  Figure  33).  The  temperature 
sensitivity  evaluated  at  300  F  is  14.6  percent  as  contrasted  to  the  pre¬ 
dicted  value  of  17  percent  per  100  F  change  in  temperature.  This  temper¬ 
ature  sensitivity  decreases  at  the  lower  end  of  the  temperature  scale. 
Fortunately,  the  use  of  the  proper  probe  with  the  proper  combination  of 
oscillator  parameters  will  allow  the  temperature  sensitivity  to  be 
increased  for  the  lower  end  of  the  temperature  scale  at  the  sacrifice  of 
high-end  sensitivity.  Figure  34  shows  such  a  set  of  experimental  data  and 
Figure  35  shows  the  temperature  output  relationship  when  evaluated  at  an 
air  gap  of  160  mils.  The  temperature  sensitivity  of  the  1 ow- temperatu re 
end  is  approximately  23.7  percent  per  100  F  change  evaluated  at  200  F. 
Consequently,  by  switching  the  sensor  at  the  appropriate  output  level,  it 
appears  to  be  possible  to  measure  the  metal  temperature  by  eddy-current 
means  w  th  sufficient  sensitivity  for  a  full  tgmperature  range  from  below 
ambient  to  a  high  temperature  of  well  over  500  F.  The  ability  to  operate 
at  a  larger  air  gap  (beyond  100  mils)  will  offer  the  advantage  of  lowering 
the  influence  of  vibrations  during  sensor  operation.  The  deviation  of  the 
measured  sensitivity  from  the  predicted  value  is  believed  to  be  caused  by 
the  nonlinear  effects  of  the  material  and  of  the  oscillator  circuit,  which 
was  not  accounted  for  in  the  initial  modeling. 
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j  Coi  I  Type:  306-3348 
'  Linearity  Resistor:  62Q 
_1  Slope  Resistor:  47  kQ 
:  Material:  Copper,  Sample  No 
1  Increasing  Temperature 


40  60  8 

Displacement,  mils 


Figure  29.  Test  Data  for  Copper--Sampl e  No.  5,  Increasing  Temperature 
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Coi I  Type :  306 - 3  3  ^  8 

Linearity  Resistor:  62  0 
Slope  Resistor:  A 7  kfi 
Material:  Copper,  Sample  No 
Decreasing  Temperature 


D i spl acemen t  ,  mils 


Figure  30.  Test  Data  for  Copper--Samp! e  No.  5,  Decreasing  Temperature 


Coi I  Type :  306- 33^8 

Linearity  Resistor:  620 
Slope  Resistor:  k7  k0 
Material:  Copper,  Sample  No.  3 
Decreasing  Temperature 


Di spl acement ,  mils 


Figure  31.  Test  Data  for  Copper-Sample  No.  3,  Decreasing  Temperature 


Coi 1  Type :  3  1 4-130 

Linearity  Resistor:  120  U 

Slope  Resistor:  150  k‘.2 

Material:  Copper,  Average  of  5  Samples 

Increasing  Temperature 


Figure  .  Test  Data  for  Copper --With  31^ -L30  Probe  Type 


Coi I  Type:  3 1 ^“L 30 
Linearity  Resistor:  120  £2 
Slope  Resistor:  150  k<2 

Material:  Copper,  Average  of  Samples  Nos.  1  Through  5 
Gap  Distance:  160  mils 


Temperature,  F 


Figure  35-  Output  vs  Temperature  for  Coppei — With  3 1  ~L 30  Probe  Type 


Because  of  fabrication  considerations,  temperature  tests  of  the  plated 
copper  samples  were  conducted  to  determine  the  character i s t  i  cs  and  differ¬ 
ences  of  the  plated  copper  used  as  a  substitute  for  the  pure  copper  eddy- 
current  sink  materia!.  Three  steel  samples  plated  with  10  mils  of  copper 
were  prepared.  Temperature  tests  using  the  same  eddy-current  probes  were 
conducted  on  these  samples.  Although  the  quantitative  relationships  among 
the  output  voltage  level,  sample  temperature,  and  air  gap  distance  changed 
from  that  of  a  pure  copper  sample,  the  new  characteristic  curves  still 
exhibit  the  complementary  nature  of  the  probe  sink-material  arrangement  as 
originally  exhibited  by  the  pure  copper  material.  The  repeatability  of 
the  temperature  measurement  appears  to  be  acceptable  and  the  hystersis  due 
to  temperature  cycling  seems  to  be  negligible.  Figures  36  and  37  show  the 
characteristic  curves  of  the  two  probes  with  10  mils  of  plated  copper  as 
the  new  sink  material. 

EDDY-CURRENT  NONCONTACTING  TEMPERATURE  SENSOR  CONFIGURATION 


It  has  been  pointed  out  that,  with  two  probes  and  different  circuit  param¬ 
eters,  a  complementary  temperature-output  relationship  can  be  accomplished 
with  eddy-current  probes  with  copper  sinks.  Figure  38  shows  a  circuit 
design  that  w  i  1 1  allow  measurement  of  the  full  range  of  temperature  by  the 
use  of  two  complementary  probes,  with  probe  No.  1  being  of  the  31A-L30 
type  (Figure  35)  and  probe  No.  2  of  the  306-33A8  type  (Figure  33)  •  The 
automatic  switchover  point  can  be  set  anywhere  between  200  F  and  300  F. 

When  the  output  from  probe  No.  2  exceeds  the  threshold  value  that  corre¬ 
sponds  to  the  switchover  temperature,  the  output  voltage  from  probe  No.  1 
will  be  used  to  provide  the  I ow- temperat ure  inforration  (otherwise,  output 
from  probe  No.  2  will  be  used  for  indication).  To  make  an  ever-decreasing 
output- to- temperature  relationship,  the  output  from  probe  No.  1  will  be 
subtracted  from  a  fixed  reference  voltage  to  achieve  the  needed  inversion. 
If  an  ever- i ncreas i ng  output-to-temperature  relationship  is  desired,  the 
subtractor  and  the  reference  voltage  circuitry  should  then  be  included  in 
the  output  of  the  No.  2  probe  conditioner  path.  The  two  solid-state 
switches  will  provide  a  fully  open  (nearly  zero-volt)  or  a  fully  closed 
(whatever  actual  probe  output)  path  for  the  corresponding  probe  output 
according  to  the  control  signal.  The  control  of  these  two  switches  will 
always  be  1 80  deg  out  of  phase  (i.e.,  one  is  fully  open  wh i 1 e  the  other  is 
fully  closed)  so  that  at  any  given  temperature  there  will  be  only  one  probe 
selected.  The  reference  voltage  selects  the  switchover  temperature,  wh  i  1  e 
the  gain  adjustments  in  the  adder  circuit  allow  the  matching  of  slopes  of 
the  two  output  temperature  segments. 

Figure  35  shows  an  overall  output-to-temperature  relationship  of  the  t wo 
complementary  types  of  probes.  The  switchover  temperature  is  selected  to 
be  250  F  and  the  reference  voltage  is  20.8  v.  The  gain  settings  on  the 
adder  are  both  unity.  A  one-to-one  correspondence  between  the  output 
voltage  and  the  temperature  can  thus  be  achieved.  For  a  temperature  change 
of  300  F,  a  voltage  swing  of  A. 65  v  can  be  obtained.  Consequently,  an 
average  output  change  of  0.155  v  per  10  F  temperature  change  is  realized. 
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Output  , 


Eddy-Current  Characteristic  Curve  for  Probe 
306-33^8  Copper-Plated  Sample. 


Figure  37 
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Figure  38.  Block  Diagram  of  Noncontacting  Complementary 
Eddy-Current  Temperature  Sensor  Design. 
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Not  es 


For  Temperature  =  0  to  250°F,  Use  Probe  3 1  ^ - L 3 0  With 
1 201J  L  i  neari  ty  Resistor,  150  k'.J  Slope  Resistor,  and  a 
Gap  Distance  of  16C  nils. 


For  Temperature  =  250 J  to  b50°F,  Use  Probe  306- 33^8 


With  62t.  Linearity  Resistor,  b  7  k.J  Slope  Resistor, 
and  a  Gap  Distance  of  100  nils. 


Invert  the  Temperature  Curve  for  0  to  2 50  JF  by 


Subtracting  the  Reading  From  a  20.8-v  Fixed  Reference 


0  100  200  300  bOO  500 


Temperature,  F 


Figure  39-  Overall  Output  vs  Temperature  Relationship  for  the 
Complementary  Probe  Design. 


77 


RECOMMENDED  REFINEMENTS 


Although  a  noncontact i ng  temperature  sensing  unit  that  will  measure  the 
metal  temperature  of  a  shaft  to  within  10  F  (or  better)  can  be  developed, 
the  effort  to  accomplish  this  development  was  considered  to  be  beyond  the 
scope  of  the  program.  Because  these  refined  investigations  could  also 
benefit  other  applications,  such  as  noncontacting  monitoring  of  critical 
bearing  temperature,  or  the  temperature  measurement  of  a  metal  buried  deeply 
in  a  nonmetal ic  medium,  etc.,  it  is  recommended  that  the  refined  investiga¬ 
tions  listed  below  be  conducted  by  a  separate  effort. 

Sink  Material  Optimization 

This  effort  should  also  include  investigation  of  the  use  of  alloys,  plating 
of  a  thin  metal  on  a  thick  metal  base,  and  the  use  of  other  material  depo¬ 
sition  techniques  such  as  flame  spraying.  Different  sink  materials  have 
demonstrated  different  influences  on  temperature  sensitivity,  output 
linearity,  and  measurement  repeatability.  The  use  of  composite  materials 
could  allow  the  use  of  the  best  features  of  each  material. 

Probe  Optimi zation 

As  the  probe  becomes  larger,  the  allowable  air  gap  distance  increases,  and 
a  lower  operating  frequency  can  be  used.  A  large  air  gap  distance  makes 
the  device  less  vulnerable  to  shock  and  vibration  influences.  With  probe 
coil  inductances  on  the  order  of  ,  i  mh  and  coil  diameters  approaching 
1  in.,  the  operating  distance  can  Le  lengthened  to  around  1  in.  Lowering 
the  operating  frequency  causes  deeper  penetration  of  eddy  current  into  the 
sink  material.  Such  deeper  current  penetration  could  yield  a  better 
average  temperature  of  the  metal  object  to  be  measured. 

Oscillator  Circuit  Optimization 

By  properly  optimizing  the  oscillator  circuitry,  it  may  be  possible  to 
achieve  increased  temperature  sensitivity  and  to  avoid  the  multiple- 
correspondence  relationship  between  the  temperature  and  the  output  voltage. 
Possibly,  only  one  probe  will  be  needed  instead  of  the  two  probes  presently 
required  for  the  full  range  of  temperature  measurement. 

An  understanding  of  the  interrelationship  among  sink  material,  probe,  and 
oscillator  circuit  will  also  furnish  the  insight  needed  for  other 
appl i cat  ions  . 
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DESIGN  OF  ADVANCED  TORQUE  MEASUREMENT  SYSTEM 


Design  effort  performed  during  the  program  included  the  system  design,  the 
test  sensing  unit  design,  the  processor  design,  the  design  of  related 
peripheral  electronics  that  are  needed  for  testing  or  for  system  integra¬ 
tion,  and  the  system  software  development.  The  design  of  the  test  sensing 
unit  differs  from  that  of  a  regular  sensing  unit  in  that  this  test  unit 
also  provides  the  adjustment  for  torque  simulation  and  furnishes  its  own 
heater  elements  for  temperature  control.  The  torque  is  simulated  by  dis¬ 
placing  the  two  phase  pickups  with  respect  to  each  other  through  a  micro¬ 
meter  mechanism. 

SYSTEM  DESIGN 


System  design  was  performed  in  terms  of  the  system  functional  definition, 
the  finalization  of  computation  equations,  and  the  establishment  of  upper- 
bounds  of  coincidence  counts. 

Figure  40  shows  the  overall  system  in  block  diagram  form.  This  system  is 
composed  of  a  sensing  unit,  a  temperature  unit,  a  digital  signal  processing 
and  computing  unit,  and  a  display  unit.  The  sensing  unit  measures  the 
phase  and  temperature  information  through  the  monopole  pickups  and  the 
eddy-current  probes.  The  phase  information  is  further  conditioned  and 
evaluated,  and  the  torque  value  is  computed  by  the  digital  signal  process¬ 
ing  and  computing  unit.  The  temperature  unit  conditions  and  converts  the 
shaft  temperature  data  sensed  by  the  eddy-current  probes  to  a  compatible 
digital  format  for  temperature  corrections  performed  by  the  computation 
module  of  the  digital  signal  processing  and  computing  unit.  The  resultant 
torque  value  is  then  transmitted  to  the  display  unit  for  outputting  the 
i n format i on . 

The  operation  of  the  system  consists  of  two  cycles:  the  measurement  cycle 
and  the  computation  cycle.  The  measurement  cycle  is  performed  by  the 
coincidence  checking  logic  and  data  collection  counters  of  che  coincidence 
measurement  logic  sub-unit,  and  the  computation  cycle  is  performed  by  a 
central  processor  (CP)  of  the  torque  computation  sub-unit.  Results  of  the 
computation  are  displayed  through  seven-segment  fluorescent  display  devices 
for  a  given  period  of  time  before  the  initiation  of  another  computation 
cycle.  This  displayed  information  also  can  be  held  for  an  extended  period 
of  time  by  turning  to  a  manual  control  position  of  the  system  operation  mode 
select  ion  swi tch . 

The  measurement  cycle  is  initiated  by  a  "COMPUTATION  READY"  signal  gener¬ 
ated  by  the  CP  reset  control.  Upon  reception  of  this  reset  signal  for  the 
CP,  all  the  counters  in  the  coincidence  checking  logic  area  will  be 
cleared,  all  the  control  flip-flops  and  latches  will  be  reset  to  their 
ground  state,  and  the  coincidence  checking  between  the  conditioned  probe 
A  signal  and  the  clock  signal  will  be  activated.  The  use  of  coincidence 
between  the  probe  A  and  the  clock  signals  will  avoid  the  ±1  count  error 
in  Nj  and  N  countings.  The  counting  of  N^  and  N  will  be  activated  by 
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Block  Diagram  of  Torque  Measurement  System. 


the  detection  of  coincidence  between  the  probe  A  and  the  clock  signals, 
and  it  will  be  terminated  by  the  first  coincidence  of  the  probe  B  and  the 
clock  signals.  The  first  coincidence  of  the  probe  B  and  clock  signals  also 
will  activate  the  counting  of  N.  and  .  The  termination  of  this  second 
set  of  countings  will  be  dependent  upon  the  detection  of  the  second  coin¬ 
cidence  between  the  probe  B  signal  and  the  clock.  The  measurement  cycle 
will  be  completed  after  the  detection  of  the  second  coincidence  of  the 
probe  B  and  the  clock  signals.  All  four  counts  N.  ,  N? ,  N.,  and  N,  will  be 
available  on  the  counters  for  inputting  to  the  CP  at  the  end  of  the  meas¬ 
urement  cycle.  A  "MEASUREMENT  READY"  signal  will  be  generated  by  the  coin¬ 
cidence  checking  and  measurement  logic  at  the  end  of  this  cycle  to  notify 
the  CP  of  the  availability  of  data  for  computation. 

The  computation  cycle  will  be  initiated  by  the  "MEASUREMENT  READY"  signal 
from  the  coincidence  checking  and  measurement  logic.  The  computation  is 
controlled  by  a  program  counter  and  a  solid-state  read-only -memory  (ROM) 
programmer.  The  coincidence  counts  and  the  temperature  data  of  the  shaft 
are  sequentially  input  into  the  CU  through  the  input  multiplexers  under 
the  control  of  the  ROM  programmer.  After  completion  of  the  computation, 
the  programmer  wi  1  I  remain  in  a  "NO  OP"  state  and  the  program  counter  will 
be  locked  out  from  further  incrementing  its  count.  The  program  counter 
will  be  reset  to  a  ground  state  after  a  given  period  of  data  display  time 
by  the  reset  control  logic.  In  addition,  a  "COMPUTATION  READY"  reset  sig¬ 
nal  will  be  sent  to  the  coincidence  checking  and  measurement  logic  to 
initiate  another  set  of  measurement  data. 


Computation  Equations 


Three  steps  are  involved  in  the  computation  of  the  torque  value  from  the 
measured  coincidence  counts  and  the  shaft  temperature:  the  computation  of 
shaft  twist  angle,  the  temperature  correction  for  change  in  modulus  of 
rigidity,  and  the  final  computation  of  torque  value  with  the  proper  scale 
factors  injected: 


Equation  for  Computation  of  Twist  Angle 

The  following  equation  is  used  to  compute  the  shaft  twist  angle  from 
the  measured  coincidence  counts: 


e  =  60 


[,!!i 

L\ 


)  N3  -  (N]  -  1) 


where  S  =  the  shaft  twist  angle  in  mechanical  degrees  for  a 
6-tooth  phasing  gear 

Nj  =  the  number  of  probe  B  pulses  counted  between  the 

coincidence  of  the  probe  A  siqnals  and  the  clock  and 
the  first  coincidence  of  the  probe  B  signal  and  the 
same  clock  signal 
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Nj  =  the  number  of  counts  of  the  clock  signal  during  the 
same  time  period  as  for  Nj 

=  the  number  of  probe  B  signals  counted  between  the  first 
and  the  second  coincidence  of  the  probe  B  signal  and 
the  clock 

=  the  number  of  counts  of  the  clock  signal  during  the 
same  time  period  as  for 

The  (Nj-1)  term  used  instead  of  in  the  phase  angle  computation 
Equation  (76)  is  a  corrected  term  to  compensate  for  the  extra  coun¬ 
ting  of  the  counter  of  the  coincidence  detection  logic.  This 
counter,  when  triggered  by  the  coincidence  of  the  probe  A  timing 
signal  and  the  clock,  will  register  the  initial  phase  delay  as  a 
full  count  also.  The  subtraction  of  1  from  the  content  of  this 
counter  removes  this  extra  partial  count  and  makes  ( N ^ - 1 )  represent 
the  original  term. 

Equation  for  Temperature  Compensation 

For  most  of  the  shaft  material,  the  effect  of  temperature  on  the 
modulus  of  rigidity  can  be  represented  by  a  linear  relationship  as 
indicated  by  Equation  (85)  over  the  temperature  range  of  the 
subject  application: 

G  =  Go  (1  -  T)  (85) 

where  G0  =  the  value  of  the  modulus  of  rigidity  at  a  reference  tem¬ 
perature  of  T0 

=  normalized  temperature  coefficient  of  G 

T  =  the  differential  temperature  measured  with  respect  to  a 
reference  temperature  T0 

With  reference  temperature  TQ  setting  to  225°F,  the  normalized  tem¬ 
perature  coefficient  of  G  (i.e.,  K')  is  approximately  equal  to 
0.000263593  and  the  value  of  G0  is  equal  to  10.99219  for  AM355  stain¬ 
less  steel  . 

The  temperature  information  is  sensed  by  a  pair  of  eddy-current  probes. 
Since  the  relationship  between  eddy-current  sensor  output  voltage  and 
the  temperature  to  be  measured  is,  in  general,  nonlinear,  G  also  will 
be  related  to  the  eddy-current  sensor  output  in  a  nonlinear  manner. 

Since  the  temperature  of  the  shaft  need  only  be  measured  to  within 
±10°F  of  the  true  temperature,  the  digitization  of  the  temperature 
data  and  the  correction  for  temperature  effect  can  be  greatly  sim¬ 
plified  by  dividing  the  output  voltage  range  of  the  eddy-current  sen¬ 
sor  into  bands  corresponding  to  10°F  wide  and  utilizing  the  position- 
index,  lj,  of  these  bands  as  an  indication  of  the  shaft  temperature. 
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This  arrangement  again  will  allow  the  use  of  a  linear  relationship  for 
temperature  compensation  for  th  change  in  modulus  of  rigidity  due  to 
temperature  variations.  The  new  equation  for  temperature  compensation 
becomes 


G  G 

o 


(86) 


With  the  temperature  range  as  defined  in  Table  VII,  the  values  of  «£ 
and  lQ  become  0 . 0029661  and  27,  respectively. 

Equation  for  Torque  Computation 

The  equation  for  computing  the  torque  from  the  measured  twist  angle 
i  s 


(5773)  L 


0 


where  t  = 

G  = 
L  = 


the  torque  transmitted  through 
the  polar  moment  of  the  shaft, 
the  modulus  of  rigidity  of  the 
the  length  of  the  shaft,  in. 


the  shaft,  in.-  lb 
in.** 

2 

shaft,  Ib/in. 


(87) 


With  the  quantized  temperature  scheme  used,  the  final  torque  equation 
becomes 


T  -  K 


I  -  0.00229661  (1-27) 


(60) 


N9  M 

(fr>  3  -  (»,-') 

4 


(88) 


JG 


where  Ks  =  ^  ^ 
tions  listed  in  Table  VIII 


and  is  established  for  each  of  the  intended  applica- 


Establ ishment  of  Coincidence  Upper  Bounds 

This  effort  was  performed  to  facilitate  the  determination  of  the  counter 
size  needed  for  ,  N^,  N^,  and  N^. 

In  this  analysis,  two  clock  frequencies  (1.5  I'lHz  and  375  kHz)  were  used  to 
evaluate  using  either  a  faster  or  a  slower  clock.  The  window  size  of  the 
coincidence  gate  is  20  nsec  in  order  to  allow  a  good  measurement  resolution 
at  high  speed. 
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TABLE 

VII.  DEFINITION 

OF 

TEMPERATURE  QUANTIZATION 

BANDS 

Temp 

Range 

(°F) 

't 

'emp 

*ange 

(°F) 

't 

'em 

*an 

(°F 

P 

ge 

't 

-40 

to 

-30 

1 

150 

to 

160 

20 

330 

to 

340 

38 

-30 

to 

-20 

2 

160 

to 

1  70 

21 

340 

to 

350 

39 

-20 

to 

-10 

3 

170 

to 

180 

22 

350 

to 

360 

40 

-10 

to 

0 

4 

180 

to 

190 

23 

360 

to 

370 

41 

0 

to 

10 

5 

190 

to 

200 

24 

370 

to 

380 

42 

10 

to 

20 

6 

200 

to 

210 

25 

380 

to 

390 

43 

20 

to 

30 

7 

210 

to 

220 

26 

390 

to 

400 

44 

30 

to 

40 

8 

220 

to 

230 

27 

400 

to 

410 

45 

40 

to 

50 

9 

230 

to 

240 

28 

410 

to 

420 

46 

50 

to 

60 

10 

240 

to 

250 

29 

420 

to 

430 

47 

60 

to 

70 

1  1 

250 

to 

260 

30 

430 

to 

440 

48 

70 

to 

80 

12 

260 

to 

270 

31 

440 

to 

450 

49 

80 

to 

90 

13 

270 

to 

280 

32 

450 

to 

460 

50 

90 

to 

100 

14 

280 

to 

290 

33 

460 

to 

470 

51 

100 

to 

1  10 

15 

290 

to 

300 

34 

470 

to 

480 

52 

1  10 

to 

120 

16 

300 

to 

310 

35 

480 

to 

490 

53 

120 

to 

130 

1  7 

310 

to 

320 

36 

490 

to 

500 

54  , 

130 

to 

140 

1  8 

320 

to 

330 

37 

500 

to 

510 

55 

140 

to 

150 

19 
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TABLE  VIII.  SCALE 

FACTORS 

Appl i cat i on 
Case 

Shaft 

Speed 

(rpm) 

Ful  l-Sca  1  e 

Torque 

(ft-lb) 

Ful 1-Scale 
Twist  Angle 
(deg) 

Scale  Factor  K 
(ft-lb/Mech.  S 
deg) 

1 

6000 

250 

5 

50 

II 

6600 

725 

5 

145 

III 

26,000 

300 

10 

30 

The  1 ,5-MHz  Clock 

The  maximum  number  of  counts  of  and  is  bounded  by  the  maximum 

possible  time  differential  between  the  clock  and  the  probe  B  signal, 
divided  by  the  size  of  the  coincidence  checking  window.  Because  of 
the  repetitive  nature  of  the  clock  signal,  the  maximum  possible  dif¬ 
ferential  time  between  the  clock  and  the  probe  B  signal  will  be  just 
one  period  of  the  clock  frequency,  which  is  667  nsec  at  1.5  MHz. 
Consequently,  the  bounds  for  and  become 

N1  £  3**  counts 
N j  £  34  counts 

Because  of  the  fixed  clock  frequency  for  all  speed  levels,  the  maxi¬ 
mum  count  of  N»  and  will  occur  at  6000-rpm  speed.  The  maximum  count 
of  N 4  will  be  dependent  upon  the  number  of  clock  pulses  within  one 
cycle  of  the  probe  B  frequency  and  the  number  of  probe  cycles  needed 
to  achieve  a  coincidence.  At  6000  rpm,  there  are  2498  cycles  of  clock 
pulse  in  one  cycle  of  probe  B  frequency.  Therefore,  the  maximum  bound 
for  N4  becomes 

N ^  £  84,932  counts 

To  obtain  the  upper  bound  for  N2,  the  number  of  cycles  of  clock  pulses 
during  the  maximum  twist  angle  should  be  added  to  the  upper  bound  of 
N/,.  Thus  the  following  relationship  is  obtained: 

N2  S  84,932  +  167  =  85,099  counts 

The  375-kHz  Clock 

Should  a  slower  clock  frequency  such  as  375  kHz  be  selected,  the  upper 
bounds  for  N2  and  Nij  will  remain  about  the  same;  however,  the  upper 
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bounds  for  Nj  and  No  will  be  increased.  In  the  case  of  375  kHz  clock 
frequency,  the  new  bounds  are  found  to  be 

N^  £  13**  counts 

N2  £  83,792  counts 

Nj  £  13^  counts 

N^  s  83 , 750  counts 

Using  a  slower  clock  allows  a  better  resolution  in  Nj  and  N3  counts; 
on  the  other  hand,  it  requires  a  longer  time  to  achieve  the  coinci¬ 
dence.  Reducing  the  clock  frequency  from  1.5  MHz  to  375  kHz  will 
require  four  times  longer  to  accomplish  a  measured  cycle. 

Since  the  selected  CP  takes  data  in  binary  coded  decimal  (BCD)  format, 
the  size  of  the  BCD  counters  needed  for  N2  and  N4  will  be  five  digits 
long,  and  the  size  needed  for  Nj  and  N3  will  be  two  to  three  digits 
long,  depending  upon  the  clock  frequency  selected. 

To  allow  for  the  possible  skipping  of  coincidence  detection  due  to  the 
inadequate  overlapping  in  actual  signals  and  also  to  facilitate  the 
design  of  data  multiplexer  for  CP  interface,  the  length  for  Nj  and  N3 
is  to  be  s  ix  d  igi  ts  .  The  clock  f  requency  is  deter  mi  ned  to  be  1  .5  MHz . 

SENSING  UNIT  DESIGN 


Two  major  design  areas  were  performed:  sensing  unit  electrical  design  and 
sensing  unit  mechanical  design.  In  order  to  facilitate  the  testing,  special 
designs  that  are  part  of  the  test  functions  were  also  performed. 

Sensing  Unit  Electrical  Design 

The  electrical  design  of  the  sensing  unit  includes  primarily  the  definition 
of  the  pickup  output  level  desired,  the  selection  of  the  pickup  source  and 
load  impedances,  the  specification  of  the  circuit  time  constant,  and  the 
determination  of  the  output  signal  rise  time  that  is  actually  achievable. 

Magnetic  Monopole  Phase  Pickups 

Generally  speaking,  the  higher  the  pickup  output,  the  more  desirable 
it  becomes  for  the  sensing  unit  application.  An  increased  output  from 
the  pickup  will  not  only  improve  the  s i gnal - to-no i se  ratio,  but  also 
will  reduce  the  time  required  to  reach  a  given  triggering  level  (delay 
time).  The  output  level  is  generally  limited  by  the  manufacturing  and 
environmental  tolerance  considerations.  For  the  present  application, 
an  output  voltage  of  100  v  peak-to-peak  under  the  rated  condition  is 
considered  to  be  a  practical  choice. 
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Since  the  pickup  is  used  as  a  voltage  source,  it  is  desirable  to  have 
a  low  source  impedance  and  a  high  load  impedance  to  realize  the  maximum 
voltage  from  the  pickup.  However,  the  source  impedance  is  dependent 
on  the  number  of  turns  per  unit  volume  that  are  required  to  generate 
the  desirable  output  level,  and  the  load  impedance  depends  on  the 
amount  of  distributed  cable  capacitance  that  can  be  tolerated  before 
causing  extraneous  oscillations  in  the  output  signal.  A  coil  resis¬ 
tance  of  300  ohms  is  typical  for  a  pickup  that  will  satisfy  the 
requirements  of  the  subject  application.  The  typical  value  of  the 
pickup  load  impedance  has  been  determined  experimentally  to  be  around 
1  MO.  This  value  allows  a  reasonably  small  circuit  time  constant,  yet 
produces  almost  100-percent  voltage  output  with  a  total  distributed 
capacitance  of  300  pf  without  causing  excessive  oscillations. 

The  time  constant  of  the  pickup  circuit  with  an  inductance  of  100  mh 
and  a  load  resistance  of  1  MO  is  only  0.1  (asec.  From  preliminary 
research  analysis  and  experiment,  this  time  coistantwas  found  to 
contribute  very  little  to  the  actual  signal  rise  time,  which  is  domi- 
natid  primarily  by  the  emf  rise  time  of  the  flux-cutting  action.  The 
0.1  (isec  time  constant  from  a  coil  with  100-mh  inductance  represents 
almost  the  minimum  achievable  value,  since  further  reduction  of  this 
time  constant  would  require  an  increase  of  the  load  resistance  to  a 
value  such  that  the  distributed  capacitance  might  become  influential. 

Eddy-Current  Temperature  Probes 

Based  on  the  results  of  the  preliminary  research  phase  of  the  program, 
the  following  electrical  characteristics  were  established  for  the 
eddy-current  probes  to  be  used: 

Coil  Inductance  30  uh  to  ^0  uh 

Coi 1  Q  30  to  50 

Coil  DC  Resistance  50  a  to  100  a 

Heater  Elements 


Heater  elements  should  have  enough  power  to  heat  up  the  sensing  unit 
to  500°F  steady-state  temperature.  It  was  estimated  that  a  total  of 
Ikw  of  electrical  power  would  be  needed.  Consequently,  two  500-watt 
heater  elements  were  used  to  provide  the  temperature  adjustment  capa¬ 
bility.  These  heater  elements  are  not  the  regular  components  of  the 
torque  measurement  system.  They  were  incorporated  in  the  design  merely 
to  facilitate  the  temperature  tests. 

Sensing  Unit  Mechanical  Design 

The  sensing  unit  mechanical  design  included  the  design  of  the  phasing  gear 
assembly,  the  provision  of  mounting  posts  for  the  installation  of  phase 
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monopole  pickups  and  temperature-sensing  eddy-current  probes,  the  design 
of  the  micrometer  adjustment  mechanism,  and  the  design  of  the  housing 
structure  to  incorporate  the  aforementioned  functions. 

Figure  4l  shows  the  design  of  the  test  sensing  unit.  To  accommodate  testing 
at  high  speed  and  high  temperature,  the  phasing  gear  is  supported  directly 
by  the  drive  shaft.  The  phasing  gear  assembly  is  made  of  two  parts:  the 
gear  body  and  the  gear  adapter  shaft.  This  adapter  shaft  can  be  replaced 
by  a  smaller  shaft  to  accept  air-motor  drive  in  case  the  electrical  drive 
motor  causes  excessive  noise  interference  on  electronic  logic  circuits. 

Two  heater  elements  can  be  attached  to  the  unit  for  the  temperature  tests. 
These  heater  elements  are  capable  of  heating  the  entire  test  sensing  unit 
to  a  temperature  of  more  than  500°F.  They  can  also  be  removed  from  the 
unit  when  performing  the  other  tests,  such  as  contamination  and  vibration 
tests.  The  twist  angle  is  simulated  by  displacing  one  monopole  pickup 
slightly  with  respect  to  the  other  pickup.  Micrometer  mechanisms  are  added 
to  the  test  unit  to  allow  for  precision  adjustment  of  twist  angle  up  to  a 
full  scale  of  ten  mechanical  degrees.  After  a  specific  twist  angle  is 
selected,  the  micrometer  set  bolt  will  be  used  to  prevent  the  angular  set¬ 
ting  from  being  changed  by  vibration.  Thermal  insulators  are  incorporated 
in  the  test  unit  to  minimize  the  angular  inaccuracy  due  to  thermal  expansion 
of  the  micrometer  mechanism  itself.  A  spring-loading  design  is  used  to 
furnish  the  needed  pressure  on  the  phasing  arm  to  eliminate  backlash  and 
hysteresis  that  may  occur  during  the  twist  angle  setting. 

The  detailed  construction  and  dimensions  of  the  phasing  gear  assembly  are 
shown  in  Figure  42.  The  dimensions  of  the  phasing  monopole  pickups  and 
the  eddy-current  temperature  probes  are  shown  in  Figures  43  and  44,  respec¬ 
tively.  The  air-motor  drive  design  configuration  and  the  electrical  drive 
design  configuration  are  shown  in  Figures  45  and  46,  respectively. 

PROCESSOR  DESIGN 


Three  major  areas  were  performed  for  the  processor  design.  These  areas  are 
(1)  design  of  the  coincidence  interpolation  and  measurement  logic,  (2) 
selection  of  CP,  and  (3)  design  of  CP  interface  and  control. 

Design  of  Coincidence  Interpolation  and  Measurement  Logic 

The  coincidence  interpolation  and  measurement  logic  circuit  of  the  processor 
system  is  required  to  perform  three  functions.  The  first  function  is  the 
generation  of  extremely  narrow  timing  markers  from  the  probe  signals  and 
the  clock  signal  to  achieve  a  coincidence  resolution  of  the  required  value, 
i.e.,  20  nsec.  The  second  function  is  to  check  the  coincidence  of  these 
timing  markers.  The  third  function  is  to  properly  register  or  measure  the 
corresponding  counts  under  different  states  of  the  coincidence  condition. 
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Figure  41 .  Test  Sensing  Unit  Design. 
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Note:  All  dimensions  are  in  inches 
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Figure  kl.  Phasing  Gear  Assembly. 
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3/4  -  20  UNEF-2A  Thread 


Figure  43.  Modified  AIRPAX  Model  1-0046  Monopole  Pickup. 
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Figure  kk.  Dimensions  of  Eddy-Current  Temperature  Probes 
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Note:  All  Dimensions  are  in  Inches 
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Figure  45.  Design  of  Air  Motor  Drive. 
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Figure  47  shows  the  design  drawing  of  this  coincidence  interpolation  and 
measurement  logic.  The  narrow  timing  pulse  is  generated  by  the  delay 
between  the  two  signals  arriving  at  the  inputs  of  a  3*nsec,  high-speed, 

NAND  gate.  The  regular  one-shot  multivibrator  cannot  be  used  for  this  pur¬ 
pose  because  the  narrowest  pulse  thus  generated  will  be  around  60  to 
100  nsec,  which  is  much  wider  than  the  required  20-nsec  pulses.  The  coinci¬ 
dence  detection  is  done  by  another  high-speed  NAND  gate  on  inverted  timing 
pulses.  A  pulse  stretch  circuit  is  used  to  allow  the  transition  from  the 
high-speed  logic  circuits  to  low-speed  logic  circuits.  Two  flip-flops  and 
a  coincidence  status  counter  are  used  to  control  the  proper  measurement  of 
Nj  ,  N2,  N3,  and  N4.  Upon  receiving  the  "COMPUTATION  READY"  signal  from  the 
processor  reset  control  logic,  the  coincidence  status  counter  will  be  set 
to  a  ground  state.  After  the  detection  of  the  first  coincidence  between  the 
probe  B  signal  and  the  clock,  the  coincidence  status  counter  will  advance 
one  count.  This  output  state  signal  will  then  be  used  to  turn  off  the 
counting  of  Nj  and  N2  and  to  turn  on  the  counting  of  N3  and  N^ .  Upon  detec¬ 
tion  of  the  second  coincidence  between  probe  B  and  the  clock,  the  output 
state  of  the  coincidence  status  counter  again  will  advance  one  more  count 
to  a  higher  state.  The  counting  of  N3  and  N4  will  be  terminated  by  the  end 
state  output.  In  the  meantime,  a  "MEASUREMENT  READY"  signal  is  generated 
to  initiate  the  computation  by  CP.  The  data  registered  in  the  four  counters 
will  be  locked  out  for  CP  interrogation  until  cleared  by  the  "COMPUTATION 
READY"  reset  signal  generated  by  the  CP  reset  control  logic.  A  latch  is 
employed  to  provide  a  memory  of  the  detection  of  the  coincidence  between 
the  probe  A  signal  and  the  clock  signal,  as  well  as  a  means  for  resetting 
the  measurement/computation  cycle. 

Select  ion  of  CP 


The  CP  selected  is  a  calculator  type  I.C.  Package  manufactured  by  Texas 
Instruments  and  designed  as  TMS  0117  NC,  Decimal  Arithmetic  Processor  (DAP). 
This  CP  is  essentially  an  electronic  calculator  with  modifications  to  facil¬ 
itate  input/output  interface  and  to  speed  up  system  operation.  These  modi¬ 
fications  include  the  removal  of  the  keyboard  de-bouncing  circuits  associ¬ 
ated  with  the  calculators  to  speed  up  the  processor  cycle  time;  the  addition 
of  special  operation  codes  (such  as  INCREMENT,  DECREMENT,  SHIFT  RIGHT, 

SHIFT  LEFT,  and  EXCHANGE  OPERANDS)  to  allow  more  flexible  processor  opera¬ 
tions;  tne  provision  of  processor  BUSY  or  READY  signals  for  external  inter¬ 
face;  and  the  availability  of  a  digit  clock  signal  from  the  CP  to  allow 
synchronization  of  data  input  and  output.  Data  input  is  entered  into  the 
machine  serially  in  BCD  format  one  digit  at  a  time,  with  the  MSD  first 
through  five  terminals  A],  A2 ,  A3,  Ajj,  and  A^.  The  Aij-bit  is  used  to 
identify  whether  the  input  is  a  data  number  or  an  operation  code.  Output 
is  also  expressed  in  BCD  format  and  is  available  at  four  output  pins,  S^, 

Sg,  Sq,  and  Sq,  in  a  digit-serial  form.  Output  digits  can  be  extracted  at 
the  corresponding  digit  time  from  Dj  to  Djq.  The  CP  BUSY/READY  signal  plus 
other  status  signals  can  be  extracted  at  Dj j  time  from  pins  Sp ,  Sp,  and  Sq. 
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Table  IX  shows  the  set  of  operation  instructions  available  from  this 
processor.  Table  X  shows  the  coding  format  of  input  data  and  operation 
codes.  Table  XI  shows  the  coding  format  for  output  data  and  status  signals. 


TABLE  IX.  PROCESSOR  INSTRUCTION  SET 

• 

CLEAR 

•  INCREMENT 

• 

ADD 

•  DECREMENT 

• 

SUBTRACT 

•  SHIFT  RIGHT 

• 

MULTIPLY 

•  SHIFT  LEFT 

• 

DIVIDE 

•  EXCHANGE  OPERANDS 

• 

EQUAL 

•  ADD  TO  OVERFLOW 

•  SUBTRACT  TO  ZERO 

This  calculator  type  of  CP  is  most  suitable  for  the  subject  application 
because  of  its  low  cost  and  simplicity  in  programming.  The  minicomputer 
type  of  CP  was  not  selected  because  its  price  in  general  is  much  (20  to 
200  times)  higher  and  because  of  the  excess  capability  that  the  subject 
application  does  not  need. 

Design  of  CP  Interface  and  Control 

The  interface  of  design  of  the  CP  for  the  subject  application  includes  the 
data  input  control  from  phase  and  temperature  measurement  channels,  the 
programming  increment  control  of  the  CP  operations,  the  CP  enable  control, 
the  means  to  reset  CP  and  measurement  logic  in  case  of  CP  error  or  counter 
overflow,  and  the  system  operation  cycle  control. 

Figure  48  shows  the  design  for  the  CP  interfaces  as  discussed  above.  The 
input  of  data  or  operation  codes  will  be  selected  by  the  use  of  three  layers 
of  digital  multiplexers.  These  multiplexers  will  be  controlled  by  the 
program  instructions  stored  in  the  system  programmer.  Because  of  the  re¬ 
quirements  for  selecting  data  input  from  two  sources,  and  for  treating  the 
stored  constant  as  data  input,  two  additional  bits  are  added  to  the  machine 
code  to  provide  these  data  selection  and  indirect  addressing  capabilities. 

The  system  programming  control  will  be  done  by  two  4-bit  program  counters 
together  with  two  256  x  4-bit  programmable  read  only  memories  (PROM).  The 
program  counter  will  be  activated  by  the  "MEASUREMENT  READY"  signal  gen¬ 
erated  by  the  coincidence  interpolation  and  measurement  logic  circuitry. 

At  the  end  of  computation,  the  CP  will  be  left  in  a  NO-OP  state  for  a  given 
period  of  time  to  allow  the  proper  display  of  the  computed  result  to  the 
user.  This  display  also  can  be  held  for  an  indefinite  length  of  time  by  a 
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manual  request.  After  the  given  fixed  display  period  or  the  removal  of  the 
manual  request,  the  program  counter  will  be  set  into  an  initial  state  ready 
for  another  measurement/computation  cycle.  A  64-bit ,  random-access  memory 
(RAM)  was  also  added  to  the  design  to  provide  an  intermediate  read-write 
storage,  which  will  be  needed  in  programming  the  CP  to  mechanize  the  torque 
computat i on . 

The  system  operation  cycle  control  will  be  performed  by  three  networks: 
ENABLE  CONTROL  LOGIC,  RESET  CONTROL  LOGIC,  and  PROGRAM  COUNTER  SYNCHRONIZA¬ 
TION  AND  CONTROL  LOGIC.  These  three  logic  networks  together  will  activate 
the  measurement  or  computation  cycle,  generate  the  CP  BUSY  or  READY  signal, 
and  control  the  system  program  cycling. 

The  operation  of  the  CP  is  shown  in  Figure  49.  The  timing  of  the  various 
controls  associated  with  the  CP  operation  is  shown  in  Figure  50.  The  logic 
equations  from  which  the  controls  are  derived  are  given  in  Table  XII. 

DESIGN  OF  PERIPHERAL  ELECTRONIC  CIRCUITS 

This  area  of  the  program  was  to  provide  the  designs  of  the  miscellaneous 
electronic  circuits  that  were  needed  in  order  *o  allow  the  overall  proces¬ 
sor  system  functioning.  These  design  efforts  included  the  design  of  system 
clock  generator,  the  design  of  probe  signal  conditioner,  the  system  power 
supply  modifications,  CP  display  decoder/dri ver  circuit  design,  and  the 
design  of  programming  aid  circuit  to  facilitate  the  software  programming. 

Design  of  System  Clock  Generator 

Figure  51  shows  the  design  of  the  system  clock  generator.  Two  inverters 
out  of  a  hex-inverter  I.C.  package  are  used  as  high  gain  amplifiers.  The 
remaining  four  inverters  can  be  used  for  other  purposes.  This  clock  gener¬ 
ator  is  crystal  controlled  to  ensure  the  stability  and  precision  needed  for 
the  coincidence  interpolation  application.  The  output  of  the  clock  is  fed 
into  a  frequency  divider  to  provide  1/2,  1/4,  1/8,  and  1/16  of  the  funda¬ 
mental  frequency.  The  1/2  and  1/4  frequencies  can  be  used  for  the  clocking 
of  the  coincidence  checking  logic.  The  1/16  frequency  can  be  used  as  clock 
pulses  for  the  CP. 

Design  of  Probe  Signal  Conditioner 

A  signal  conditioner  design  that  will  provide  a  nonlinear  circuit  element 
to  damp  out  the  ringing  signal  in  the  monopole  pickup,  that  will  clip  the 
negative  half  cycle  of  the  signal,  and  that  will  prevent  input  signal  level 
rising  beyond  the  TTL  limit  is  shown  in  Figure  52.  In  addition,  this  cir¬ 
cuit  will  not  saturate  the  output  of  the  comparator  due  to  charging  effect 
of  the  input  capacitor  of  the  comparator.  A  potentiometer  is  provided  to 
allow  the  adjustment  of  the  triggering  level  of  the  comparator. 
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TABLE  X.  INPUT  CODING  FORMAT 


(8) 

(4) 

(2) 

0) 

is 

\ 

ii 

Number/Operat ion 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

0 

1 

0 

2 

0 

0 

0 

1 

1 

3 

Data  <2 

0 

1 

0 

0 

4 

0 

0 

1 

0 

1 

5 

0 

0 

1 

1 

0 

6 

0 

0 

1 

1 

1 

7 

0 

1 

0 

0 

0 

8 

0 

1 

0 

0 

1 

9 

0  = 

Key  open , 

T  rans i stor 

off  or 

TTL 

Log  i  c 

1 

1  = 

Key  closed  Transistor 

on  or 

TTL 

Logic 

0 

is 

\ 

is 

is 

tx 

Number/Operat ion 

1 

0 

0 

0 

0 

CLEAR 

1 

0 

0 

0 

1 

= 

1 

0 

0 

1 

0 

X 

1 

0 

0 

1 

1 

-r 

1 

0 

1 

0 

0 

+ 

1 

0 

1 

0 

1 

ADD  ONE 

1 

0 

1 

1 

0 

- 

0 

1 

1 

1 

SUBTRACT  ONE 

Ur  LOdCS  j 

1 

0 

0 

0 

ADD  ONE  TO  OVERFLOW 

i 

1 

0 

0 

1 

SUBTRACT  ONE  TO  ZERO 

i 

1 

0 

1 

0 

SHIFT  RIGHT 

i 

1 

0 

1 

1 

SHIFT  LEFT 

i 

1 

1 

0 

0 

EXCHANGE  OPERANDS 

i 

1 

1 

0 

1 ) 

i 

1 

1 

1 

0 

NO  OP 

i 

1 

1 

1 

'  I 

o  = 

Key  open , 

T  rans is  tor 

off  or 

TTL 

Log  i  c 

1 

i  = 

Key  Closed  Trans 

'stor 

on  or 

TTL  Logic 

0 
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TABLE  XI.  OUTPUT  CODING  FORMAT 


The  numerical  output  data  is  extracted  during  through  D^q. 

S.  S„  S„  S„  Sr  S„  S„  Digit 


Status  data  is  extracted  during  D. 


S  tatus 


Output  not  conducting 
Output  conducting  to  V.. 
Either  0  or  1 


0  BUSY 
0  READY 

0  SIGN  POSITIVE 
0  SIGN  NEGATIVE 
1  ERROR  MUST 
J RESET 

-  ERROR 


BUSY  READY 
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*  Fron  DAP  Clock  Generator 


Controls . 


Figure  49.  System  Operation  Flow  Diagram  of  CP. 
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Figure  50.  CP  Control  Timing  Diagram 


Figure  51-  System  Clock  Generator 
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Figure  52.  Design  of  Probe  Signal  Conditioning  Unit. 


TA8LE  XII.  LOGIC  EQUATIONS  FOR  CP  CONTROLS 


CP  Control 


1 .  Program  Counter 
Preset 

2.  CP  Reset/Program 
Counter  Clear 

3.  Program  Counter 
I  ncrement 


CP  Enable 


_ Logic  Equation _ 

D  (End  of  Program)  +  (Manual  Restart) 

^  +  (CP  Err)  +  (Overflow) 

(Measurement  Ready)  (End  of  Program) 

Dj j  (CP  Ready)  (Measurement  Ready) 

•  (End  of  Program) 

D,,  0  (CP  Ready)  (Measurement  Ready) 
lisp 

•  (RAM  Write)  (Enable  Skip) 


System  Power  Supply  Modifications 

The  main  system  power  supply  is  the  RO  Associates  Model  105  high  efficiency 
power  supply  which  provides  the  +5  vdc  voltage  for  all  TTL  packages.  The 
+12  v  and  ±7  vdc  voltages  needed  by  the  comparator  and  the  CP  are  obtained 
through  a  modified  Servatron  Model  SE12D100  module.  Figure  57  shows  the 
modified  circuitry.  The  power  supply  needed  for  the  fluorescent  display  is 
a  full-wave  rectifier  from  a  transistor  transformer.  This  circuit  is  shown 
in  Figure  5^- 

CP  Display  Design 

In  order  to  allow  larger  character  size  with  low  cost  display  devices,  the 
Model  DG12-C  fluorescent  7-segment  display  tube  manufactured  by  ISE  was 
selected.  These  types  of  display  tubes  require  a  filament  supply  of  0.85  v 
as  well  as  a  plate  supply  of  40  v.  However,  because  of  possible  use  of  non- 
filtered  and  nonregulated  voltage,  the  additional  power  supply  doe;  not 
impose  a  significant  limitation  on  their  application.  The  display  design 
i s  shown  in  Figure  55  • 

System  Programmer 


A  programming  aid  was  also  designed  to  allow 
instructions  during  the  software  programming 
ment.  Figure  56  shows  the  circuit  design  of 


the  manual  incrementing  of  CP 
phase  of  the  system  develop- 
this  manual  programmer. 
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Figure  53-  Modified  Power  Supply. 
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Figure  56.  Programming  Aid. 


SYSTEM  SOFTWARE  PROGRAMMING 


Four  areas  of  software  programming  efforts  were  performed.  They  are  the 
programming  for  the  computation  of  twist  angle  n,  the  programming  for  tem¬ 
perature  compensation  on  modulus  of  rigidity  changes,  the  programming  that 
allows  the  selection  of  any  of  the  three  scale  factors  corresponding  to  the 
three  torque-speed  ranges,  and  the  programming  for  digital  integration  of 
the  data  points  to  reduce  the  effect  of  transitory  noise  interference  on 
the  system  output.  The  machine  language  system  codes  are  defined  in  Table 
XIII.  The  complete  machine  language  software  program  is  given  in  Table  XIV 
Because  of  the  interferences  existing  in  the  programming  part  that  facili¬ 
tates  the  selection  of  the  individual  scale  factor  according  to  the  torque- 
speed  ranges,  the  programmable-read-only-memory  (PROM)  chips  that  are  used 
to  store  these  software  programs  were  not  burned  during  the  program. 


TABLE  XII 

.  SYSTEM 

PROGRAMMING  COOES 

Programmi ng 
Instruction 

Mach i ne 
Code 

Remarks 

1 . 

End-of-program  mark 

1  1  1  1  01 01 

- 

2. 

Preset  dummy  instruction 

1  1  1  1  01 01 

- 

3. 

RAM  write 

abcdXOI 1 

abed  RAM  address 

4. 

RAM  read 

abcdXOOO 

abed  RAM  address 

5. 

Input  phase  data 

ABCD 1 X  1  0 

ABCD  Phase  data  MUX  address 

6. 

Input  temperature  data 

TXXX0XI0 

T  1  for  f i rs  t  d i g  i  t 

T  0  for  second  digit 

7. 

Input  PROM  constant 

C,C2C3C4XI 

00 

C.C-C-C.  PROM  constant 

1  c  j  4 

8. 

CP  operations 

P|p2p3p50|°l 

DAP  operational  code 

1  C  D  U 

9. 

Ini t i ate  enab 1 e  skip 

101 1 1 101 

NOTE:  1  TTL  high.  0 

TTL  low 

X  Don't  care 

abed,  ABCD,  T,  C 

C2C3C4  * P , P 2 

P  P 

3  4 

are  binary  numbers 
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TABLE  XIV.  SYSTEM 

PROGRAM 

Instruction 
Numbe  r 

Program  Instructi on 

Mach i ne 
Code 

Program 

Counter 

Address 

1 

Counter  preload 

1  1  1  1 0 1 01 

1  1  1  1  1 1  1  1 

2 

CP  and  counter  reset 

01 1 1 0101 

00000000 

3 

Buffering  instruction 

01 1 1 0101 

10000000 

4 

Enter  N„  r 

01 101 1 10 

01000000 

5 

2-5 

Enter  N.  . 

101 01 1 10 

1 1 000000 

6 

2-4 

Enter  N„  T 

00 101 1 10 

00100000 

7 

2-3 

Enter  2 

1 1 00 1 1 1 0 

1 0 1 00000 

8 

Enter  N„  j 

01 001 1 10 

01 100000 

9 

Shift  left 

1 1010101 

1 1 1 00000 

10 

Shi  ft  left 

1 1010101 

000 1 0000 

1  1 

Shift  left 

1  1 0 101 01 

1 00 1 0000 

12 

Shi  ft  left 

1  1010101 

0101 0000 

13 

Shift  left 

1 IOIOIOI 

1 1 0 1 0000 

14 

CP  divide 

1 1000101 

001 10000 

15 

Enter  N.  .. 

01 1 1 1 1 10 

1 0 1 1 0000 

16 

4-5 

Enter  N. 

4-4 

101  1  1  1  10 

01 1 10000 

17 

Enter  N .  , 

001  1  1  1 10 

1  1 1 1 0000 

18 

4-3 

Enter  N.  „ 

1 101 1 1 10 

00001000 

19 

4-2 

Enter  N.  . 

0101 1 1 10 

1000 1000 

20 

CP  multiply 

OIOOOIOI 

01001000 

21 

Enter  NT 

1001  1 1 10 

1 1001000 

22 

3-2 

Enter  N,  . 

0001 1 1 10 

00101000 

23 

3-1 

CP  subtract 

01 100101 

1 0 1 0 1 000 

24 

Enter 

10001 1 10 

01 101000 

25 

Enter  N|  j 

00001 1 10 

1 1 101 000 

26 

Shift  left 

1 IOIOIOI 

0001 1000 

27 

Shift  left 

1 IOIOIOI 

1001 1000 

28 

Shi  ft  left 

1 IOIOIOI 

0101 1000 

29 

Shift  left 

1 IOIOIOI 

1101 1000 

30 

Shift  left 

1 IOIOIOI 

001 1 1000 
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TABLE  XIV  -  Continued 


Ins  true  t i on 
Number 

Program  Instruction 

Mach i ne 
Code 

Program 

Counter 

Address 

31 

CP  Add 

00100101 

101 1 1000 

32 

Enter  constant  1 

10001 100 

01  1  1 1000 

33 

Shift  left 

1  1  Ol  01 01 

1  1 II 1000 

34 

Shift  left 

1  1  01 01 01 

00000100 

35 

Shift  left 

1  1010101 

10000 100 

36 

Shift  left 

1  1  01  01 01 

01 0001 00 

37 

Shift  left 

1  1 01 01 01 

1 1 0001 00 

38 

CP  multiply 

01000101 

00100100 

39 

Enter  const.  6 

01  101 100 

101 001 00 

40 

Shift  left 

1  1  01  01 01 

01 100100 

41 

CP  add 

00100101 

1  1 1001 00 

42 

RAM  read  0 

101 01 000 

00010100 

43 

RAM  read  0 

00101000 

10010100 

44 

RAM  read  0 

1 1001 000 

OIOIOIOO 

45 

RAM  read  0  ^ 

01001000 

1 1 01 01 00 

46 

RAM  read  0 

1000 1000 

001 10100 

47 

RAM  read  0  ( 

00001000 

101 10100 

48 

CP  divide 

1 1000101 

01 1 10100 

49 

Enter  const.  2 

01001 100 

1 1 1 101 00 

50 

Enter  const.  0 

00001 100 

00001 100 

51 

CP  multiply 

OIOOOIOI 

10001 100 

52 

RAM  write  D  |  | 

0001 101 1 

01001 100 

53 

RAM  wr  i  te  0  , 

101 1 101 1 

1  001 100 

54 

RAM  write  0 

001 1 101 1 

00101 100 

55 

RAM  write© 

1 101 101 1 

1 01 01 100 

56 

RAM  write  0  ^ 

0101 101 1 

01 101 100 

57 

RAM  write  0  ^ 

1001 101 1 

1 1 101 100 

58 

RAM  write©  | 

000 1 1 0 1 1 

0001 1100 

59 

Enter  const.  1 

10001 100 

1001 1 100 

60 

Enter  const .  9 

1001 1 100 

0101 1100 

61 

CP  equal 

10000101 

1  ION  100 
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TABLE  XIV  -  Continued 


Instruction 

Number 

Program  Instruction 

Mach i ne 
Code 

Program 

Counter 

Address 

62 

RAM  write  0  ^  j 

00001 01 1 

001 1 1100 

63 

RAM  write  0  , 

-  o 

1 0101 01  1 

101 1 1  too 

64 

RAM  wr i te  0  ^ 

0010101  1 

01 1 1 1 100 

65 

RAM  write  0  . 

-4 

1  100101  1 

1 1  1  1 1 1 00 

66 

RAM  wr i te  0  ^ 

0100101  1 

00000010 

67 

RAM  write  0  2 

1000101  1 

100000 10 

68 

RAM  write©  | 

00001 01  1 

01000010 

69 

CP  clear 

000001 01 

1 1 000010 

70 

Enter  1^  2 

01  1  101 10 

00100010 

71 

Enter  I^  ^ 

1  1  1  101 10 

1 0 1 000 1 0 

72 

CP  subtract 

01  100101 

01  100010 

73 

Enter  const.  2 

01001 100 

1 1 1 00010 

74 

Enter  const.  7 

1  1  101 100 

00010010 

75 

CP  mul t i ply 

01000101 

1001 0010 

76 

Enter  const.  2 

01001 100 

01010010 

77 

Enter  const.  1 

10001 100 

1 1 0 1 00 1 0 

78 

Enter  const.  9 

1001 1 100 

001 10010 

79 

Enter  const.  6 

01  101 100 

1 0 1 1 00 1 0 

80 

Enter  const.  6 

01  101 100 

01 1 10010 

81 

Enter  const.  1 

1 0001 100 

1 1 1 10010 

82 

CP  subtract 

01 100101 

00001 010 

83 

CP  exchange  operand 

001 1 01 01 

10001010 

84 

Enter  const.  1 

10001 100 

OIOOIOIO 

85 

Shift  left 

1 1010101 

1 1001010 

86 

Shift  left 

1  1 01 01 0 1 

00 1 0 1 0 1 0 

87 

Shift  left 

1  1 01 01 0 1 

1 01 01 01 0 

88 

Shift  left 

1  1  01 01 01 

01 101010 

89 

Shift  left 

1  1 01 01  0 1 

1  1 1 0101 0 

90 

Shift  left 

1  1 01 01 0 1 

0001 1010 

91 

Shift  left 

1 1010101 

1001 1010 

92 

Shift  left 

1 1 01 01 01 

0101 '010 

93 

Shift  right 

0 1 01  0 1  0 1 

1 101 1010 

94 

Shift  r i  ]ht 

01 0101 01 

001 1 1010 

TABLE  XIV  -  Continued 


Inst  rue t i on 
Number 

Program  Instruction 

Mach i ne 
Code 

Program 

Counter 

Address 

95 

Shift  ri ght 

0101 01 01 

101 1 1010 

96 

Shift  right 

01 01 01 01 

01 1 1 1010 

97 

RAM  read  9  . 

101 1 1000 

1 1 1 1 1010 

98 

RAM  read  6  c 

00! 1 1000 

000001 10 

99 

RAM  read  9  . 

1 101 1000 

100001 10 

100 

RAM  read  9  ^ 

0101 1000 

010001 10 

101 

RAM  read  9  ^ 

1001 1000 

1 IO0CI 10 

102 

RAM  read  9 

0001 1000 

001001 10 

103 

Shift  right 

01 01 01 01 

101 001 10 

104 

Shift  right 

01 01 01  01 

01 1001 10 

105 

Shift  right 

01 01 01 01 

1 1 1001 10 

106 

CP  mu  1 t i p 1 y 

01000101 

000101 10 

107 

Skip  X- i ns t rue t i ons 

101 1 1 101 

100101 10 

108 

No-op  No.  14 

01 1 1 01 01 

010101 10 

109 

No-op  No.  14 

01  1  1  01  01 

1 1 01 01 10 

1  10 

No-op  No.  14 

01  1  1  01 01 

001 101 10 

1  1  1 

No-op  No.  14 

01  1  1 01  01 

101 101 10 

1  12 

Enter  const.  0 

00001 100 

01 1 101 10 
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Enter  const.  5 

1 01 01  100 

1 1 1 101 10 

1  14 

Enter  const.  0 

00001 100 

00001 1 10 

1  15 

CP  equal 

1 0000 1 0 1 

10001 1 10 

1  16 

Skip  X- i ns  t  rue  t i ons 

101 1 1 101 

01001 1 10 

1  17 

Enter  const.  0 

0000 1 1 00 

1 1001 1 10 

1  18 

Enter  const.  3 

1 1001 100 

00101 1 10 

1  19 

Enter  const.  0 

00001 100 

1 01 01 1 10 

120 

CP  equal 

1  00001 01 

01 101 1 10 

121 

Skip  x- i ns truct  i  ons 

101 1 1 101 

1 1 101 1 10 

122 

Enter  const.  1 

10001 100 

0001  1  1  10 

123 

Enter  const.  4 

00101 100 

1001 1  1  10 

124 

Enter  const.  5 

1 01 01 100 

0101  1  1  10 

125 

CP  equal 

1  00001 01 

1 101 1 1 10 

126 

No-op  No.  14 

01 1 101 01 

001 1 1 1 10 

127 

No-op  No.  14 

01  1  1 01 01 

101 1 1 1 10 
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I  ns  t ruct i on 
Number 

Program  Instruction 

Machine 

Code 

Program 

Counter 

Address 

128 

No-op  No.  14 

01 1 10101 

01 1 1 1 1  10 

129 

No-op  No.  14 

01  1 1 0101 

1 1 1 1 1 1 10 

130 

No-op  No.  14 

01  1  1 01 01 

00000001 

131 

Shift  right 

0 1  0 1  0 1 01 

1 0000001 

132 

Shift  right 

0 1  0 1  01 01 

01 000001 

133 

End  of  prog,  mark 

1  1  1  1 01 01 

1 1 000001 
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FABRICATION  OF  ADVANCED  TORQUE  MEASUREMENT  SYSTEM 


Three  groups  of  equipment  were  fabricated  during  the  program:  the  sensing 
unit,  the  processor,  and  some  miscellaneous  electronic  breadboard  circuits 
needed  to  facilitate  the  hardware  checkout  or  the  software  programming  or 
the  laboratory  testing  efforts  of  the  subject  program. 

SENSING  UNIT 


The  sensing  unit  was  first  fabricated  per  design  drawing.  An  adaptor  shaft 
that  allowed  the  use  of  air  motor  drive  for  the  sensing  unit  was  also  fabri¬ 
cated.  However,  this  shaft  was  not  used  during  the  testing  phase  of  the 
program  because  of  the  following  two  reasons:  first,  the  air  motor  drive 
exhibited  excessive  resonant  vibration  due  to  its  pulsed  mode  of  motion; 
second,  the  electrical  drive  motor  did  not  cause  any  noise  interference  even 
though  the  drive  motor  was  a  brush-type  motor.  The  phasing  gear  was  care¬ 
fully  machined  so  that  all  the  leading  edges  and  all  the  trailing  edges  of 
the  gear  teeth  were  precise  within  ±15  seconds  of  an  arc  from  the  true  posi¬ 
tion.  Although  the  rotating  assembly,  including  the  drive  shaft  of  the 
electrical  motor,  was  balanced  at  high  speed,  balance  shift  of  the  phasing 
gear  assembly  was  still  observed  during  the  checkout  runs  of  the  sensing 
unit.  Phase  gear  balance  and  concentricity  were  reestablished.  The  shift 
in  balance  and  concentricity  is  believed  to  be  caused  by  the  stress  relief 
of  the  part  itself.  Considerable  efforts  were  expended  for  the  trouble¬ 
shooting  of  this  problem.  The  reworked  gear  was  then  temperature-cycled 
and  rotated  at  high  speed  to  ensure  the  removal  of  residual  stress.  To  pre¬ 
pare  for  the  possibility  of  worst  balance  and  concentricity  shift  that  could 
exceed  the  rework  limit  of  the  existing  shaft,  a  spare  shaft  with  sufficient 
gross  dimension  allowance  to  compensate  for  the  worst-case  shift  was  also 
fabricated  during  the  period.  This  provision  allows  minimum  equipment  down¬ 
time  in  case  the  wors t-case  balance  and  concentricity  shift  does  occur. 
However,  tests  carried  out  after  the  retruing  of  the  phasing  gear  indicated 
that  such  a  worst-case  possibility  appeared  to  be  remote.  Two  thermocouples 
were  also  added  to  the  sensing  unit,  one  inside  the  hollowed  cup  of  the 
phasing  gear  and  one  outside  against  the  plated  copper  band.  Since  the 
straight  part  of  the  phasing  gear  lies  between  these  two  thermocouples,  the 
metal  temperature  of  the  phasing  gear  can  be  estimated  from  the  temperature 
readings  of  these  two  thermocouples.  This  provides  a  calibration  means  for 
the  eddy-current  temperature  probes. 

Figure  57  shows  a  close-up  of  the  assembled  sensing  unit.  The  sensing  unit 
together  with  the  electrical  drive  motor  is  shown  in  Figure  58.  The  two 
heater  elements  that  allow  the  temperature  adjustment  from  ambient  to  500  F 
are  shown  in  Figure  59-  The  complete  sensing  unit  with  heater  elements 
assembled  and  metal -temperature  thermocouples  installed  is  shown  in  Fig¬ 
ure  60 . 
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PROCESSING  UNIT 


The  fabrication  of  the  processor  included  mainly  the  fabrication  of  three 
brassboard  circuits  for  the  coincidence  interpolation  and  measurement  logic, 
the  CP  and  interface/controls,  and  the  CP  output  display,  decoder,  and 
drivers.  In  addition  to  these  main  efforts,  the  inclusion  of  paver  supplies 
to  the  system,  the  integration  and  interconnection  of  these  boards,  and  the 
installation  of  adjustment  circuits  and  system  operation  control  switches 
were  also  performed. 

The  coincidence  interpolation  and  measurement  logic  brassboard  is  shown  in 
Figure  61.  The  circuit  board  houses  the  coincidence  checking  logic,  the 
measurement  counter/regi s ters ,  and  digital  multiplexers  that  allav  the 
transmission  of  the  16  BCD  output  to  the  CP  through  four  wires. 

The  CP  and  the  related  i nterface/ control  circuit  board  (Figure  62)  houses 
the  10-digit  fluorescent  display  tubes  (Figure  63),  the  BCD-to-7-segment 
decoder  circuit,  the  digit  drivers,  the  segment  drivers,  and  also  the 
counter  overflow  or  CP  error  detecting  latches  and  display  drivers.  Fluo¬ 
rescent  display  tubes  are  used  mainly  to  allav  easy  viewing  at  distances. 

For  airborne  application,  a  smaller  and  more  rugged  LED-type  display  device 
can  be  used. 

The  electronics  for  the  temperature  channel  was  not  fabricated  because  it 
was  felt  that  sensor  optimization  effort  is  needed.  This  channel  was  set 


Figure  61.  Digital  Multiplexers  on  the  Measurement  Circuit  Board. 
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up  during  laboratory  testing  phase  using  the  existing  equipment.  Sensor 
output  can  be  read  manually.  The  quantized  index  number  (i.e.,  ly)  can  be 
input  to  the  processor  through  a  temperature  setting  switchboard  (Figure  64). 

Control  switches,  program  selection  switches,  error  signal  indicators  and 
display  duration  adjustment  are  shown  in  Figure  65.  The  program  selection 
switch  allows  the  use  of  the  same  electronic  processor  for  the  three  dif¬ 
ferent  applications  (6000  rpm,  66,000  rpm,  and  26,000  rpm)  by  single  switch 
act  ion . 

The  circuit  boards  and  power  supplies  in  installed  position  are  shown  in 
Figure  66. 

The  input  signal  sockets  and  the  power  connectors  are  shown  in  Figure  67. 
MISCELLANEOUS  ELECTRONIC  BREADBOARDS 


Under  this  category,  three  breadboard  circuits  were  fabricated. 

The  one-tube  display  (Figure  68)  for  measurement  section  readout  was  de¬ 
signed  to  include  the  multiplexer  address  control  and  interface  circuits 
(Figure  44)  so  that  the  results  of  the  coincidence  measurements  can  be 
read  off  one  digit  at  a  time  from  the  counters.  This  provision  allows 
evaluation  of  the  sensing  unit  and  measurement  electronics  before  the  com¬ 
putation  electronics  are  completed.  The  results  of  the  coincidence  meas¬ 
urement  can  then  be  written  down,  and  the  resultant  phase  angle  or  torque 
can  be  manually  computed  on  a  separate  electronic  calculator  following  the 
same  computation  equations. 

The  second  miscellaneous  electronic  circuit  fabricated  is  the  breadboard 
of  the  CP  without  interface  and  controls  (Figure  69).  This  breadboard 
allowed  the  simulation  of  CP  operation  before  the  interface  and  program 
controls  were  completed. 

The  third  item  of  electronic  circuits  fabricated  is  a  special  programming 
aid  (Figure  70)  to  facilitate  the  checkout  and  the  program  of  the  complete 
system. 
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Figure  62.  CP  and  Related  Interface/Control  Circuits 


Figure  63.  10-Dinit  Display  Brassboard  tor  CP 
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Temperature-Setting  Switchboard 


Figure  64 
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Figure  65.  Display  and  Control  Front  Panel. 
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Figure  68.  Measurement  Output  Display 
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LABORATORY  TESTING 


Various  tests  were  performed  during  the  program  to  evaluate  the  performance 
of  the  subject  advanced  torque  measurement  system.  These  tests  fall  into 
three  basic  categories:  sensing  unit  performance  tests,  processing  elec¬ 
tronics  performance  tests,  and  system  performance  tests. 

TEST  SETUP 


Figure  71  shows  a  schematic  of  the  setup  employed  during  the  tests.  Figure 
72  shows  the  installation  of  the  test  sensing  unit  in  the  temperature  con¬ 
trol  oven.  Initially,  the  self-contained  heater  elements  were  used  to 
create  the  higher  temperature  environment  dictated  by  the  tests.  A  Colburn 
Instrument  oven  was  used  during  the  latter  part  of  the  tests  to  provide 
more  precise  temperature  control  and  wider  range-adjustment  capability 
needed  to  compensate  for  the  temperature  rise  caused  by  frictional  heating 
of  the  rotating  phasing  gear  element  and  permit  tests  at  sub-zero  temper¬ 
ature  levels.  The  Colburn  Instrument  oven,  when  supplied  with  compressed 
CO2,  provided  much  quicker  control  and  stabilization  of  temperature  by 
heating  the  test  object  with  electricity  or  cooling  it  with  a  burst  of  CO2. 
This  equipment  provided  precise  and  stable  temperature  control  over  a  low 
temperature  of  below  -50°F  and  a  high  temperature  of  approximately  +400°F. 
Above  +400°F,  the  mass  of  the  test  object  and  its  related  heat  transfer 
characteristics  made  the  stabilization  difficult. 

The  test  sensing  unit  was  driven  by  an  electric  brush-type  motor.  The 
speed  of  the  electric  motor  was  controlled  by  varying  the  output  voltage  of 
the  power  supply  Variac.  Because  of  the  voltage  limitation  of  the  Variac, 
the  highest  speed  achieved  was  24,000  rpm. 

The  torquing  of  the  shaft  was  simulated  by  displacing  one  phasing  monopole 
pickup  with  respect  to  the  other  through  the  micrometer  adjustment.  For 
h  igh-temperature  tests,  the  simulated  shaft  twist  angle  was  first  set  at  a 
des i red  value  with  the  use  of  the  micrometer  mechanism,  then  the  setting 
was  clamped  down  so  that  the  micrometer  could  be  removed  from  the  test 
unit  to  avoid  any  possible  damage  to  the  micrometer  due  to  excessive  heat¬ 
ing  of  its  aluminum  body.  A  pushrod  was  inserted  to  replace  the  micro¬ 
meter  so  that  additional  support  would  be  provided  to  the  adjustment  arm 
to  prevent  the  setting  from  being  shaken  loose  by  vibration. 

EQUIPMENT  USED 


The  following  equipment  were  used  during  the  laboratory  testing  phase  of 
the  program: 


Test  sens ing  unit 
Electronic  processing  unit 
Measurement  outpi t  display  unit 
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Figure  71.  Schematic  of  Test  Setup. 
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Variable-speed  drive  motor 

20  kw  Variac  speed  control 

PARAX  ac  power  conditioner,  Model  P-1405-Q 

Eddy-current  probe  signal  conditioners,  AiResearch  LSK  31367 

Colburn  Instrument  Oven,  Model  C- 1 06-3600 

Variable-frequency  strobe  light,  GR  s t robotac- 1 531  -A 

Oscilloscope,  Tektronix  Model  454 

Oscilloscope  camera,  Tektronic  Model  C-31 

Pulse  generators  (2),  Contronics  lockpulse  CPG  pulser  and  Data  Pulse 
Model  11  OB 

Counter,  Systron  Donner  Model  7014  and  Dana  Model  8130 

Voltmeters,  Hewlett-Packard  Models  412A  and  400H 

Digital  voltmeters  (2),  Dana  Model  5500 

Thermocouple  bridge 

Power  supplies 

Systems  Research  Model  3567 
Power  Designs,  Inc.  Model  501 5-S 
Kepco  Model  SC-150-1 

SENSING  UNIT  PERFORMANCE  TESTS 


The  purpose  of  these  tests  was  to  determine  whether  or  not  appreciable 
degradation  could  be  caused  in  the  sensing  unit  by  various  operating 
conditions.  Many  test  runs  were  performed  under  different  speed  and 
temperature  conditions.  Sensor  raw  signals  were  recorded  through  photo¬ 
graphic  means.  Analyses  were  performed  later  to  determine  if  there  was 
a  change  in  terms  of  waveform  and  amplitude  of  the  signal. 

Monopole  Pickup  Under  Temperature  and  Speed 

Figures  73  through  77  show  a  sample  set  of  monopole  pickup  output  signals 
under  different  test  speeds.  The  amplitude  of  the  signal  varies  approxi¬ 
mately  in  proportion  to  the  speed.  No  distortion  or  noise  was  observed 
at  the  sensor  output.  Typical  temperature  data  are  shown  in  Figures  78 
through  81  .  No  noticeable  effect  due  to  temperature  was  observed.  Both 
signal  amplitude  and  waveform  remain  the  same  under  various  temperature 
cond i t ions  . 
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Figure  73.  Monopole  Output  Signals 
at  6020  RPM. 


Figure  lb.  Monopole  Output  Signals 
at  10,000  RPM. 
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Figure  75- 


Monopole  Output  Signals 
at  14,000  RPM,  200°F; 
0.5  ms /cm,  5  v/cm. 


Figure  76. 


0 

Monopole  Output  Signals 
at  20,023  RPM,  200°F ; 

0.2  ms/cm,  5  v/cm. 


<i 

Figure  77-  Monopole  Output  Signals 
at  23,000  RPM,  200°F; 
0.2  ms/cm,  10  v/cm. 
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Figure  78.  Temperature  Data  at  6000  RPM,  -35°F; 
1  ms/cm,  5  v/cm. 


Figure  79-  Temperature  Data  at  6010  RPM,  Ambient 
Temperature;  0.5  ms/cm,  2  v/cm. 
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Figure  80 .  Temperature  Data  at  6020  RPM,  200°F; 
0.5  ms/cm,  2  v/ cm. 


Figure  81 .  Temperature  Data  at  6000  RPM,  300°F; 
0.5  ms/cm,  2  v/cm. 
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Eddy-Current  Probe  Under  Temperature  and  Speed 

The  dc  output  signal  from  the  eddy-current  probes  was  recorded  to  determine 
its  repeatability.  Figures  82  and  83  present  the  test  results  for  zero 
shaft  speed  and  6000  rpm.  The  shaft  metal  temperature  was  obtained  by  tak¬ 
ing  the  average  of  the  radial  and  axial  thermocouple  readings.  From  Figure 
82,  almost  no  change  of  output  over  the  30  min  test  period  was  observed. 
From  Figure  83,  a  slow  rise  in  eddy-current  probe  output  was  observed. 

Since  the  thermocouple  readings  also  indicated  a  similar  slow  rise,  it  was 
concluded  that  such  a  temperature  rise  was  caused  by  the  rotational  fric¬ 
tion  of  the  phasing  gear  tooth  with  the  surrounding  air.  In  fact,  a 
temperature  rise  from  ambient  to  approximately  1 50°F  has  been  observed 
during  high-speed  test  at  ambient  temperature  from  both  the  thermocouple 
indications  and  the  eddy-current  probe  outputs. 

A  more  extensive  temperature  run  was  performed  later  to  establish  the 
temperature  rel at ignsh i p  of  these  probes  for  the  full  temperature  range 
from  -35  F  to  +500  F.  Figures  84  and  85  depict  these  results.  In  general, 
these  results  agree  reasonably  well  with  the  static  laboratory  test  results 
performed  during  the  preliminary  research  phase  of  the  subject  program. 

To  examine  the  speed  effect  on  eddy-current  probe  output,  tests  were  per¬ 
formed  on  the  test  sensing  unit  with  the  use  of  the  Colburn  Instrument 
oven.  The  temperature  of  the  test  unit  was  maintained  at  a  preset  temper¬ 
ature  as  constant  as  possible  by  feeding  in  either  heat  or  compressed  CO2. 
Outputs  from  the  eddy-current  probe  signal  conditioners  were  recorded. 

The  signal  conditioner  was  considered  part  of  the  eddy-current  sensing  unit 
because  of  its  inseparable  function  with  the  probe.  Residual  temperature 
effects  due  to  the  minute  difference  caused  by  temperature  control  during 
the  test  were  corrected  by  use  of  interpolation  according  to  the  thermo¬ 
couple  indications.  The  summarized  test  results  are  plotted  in  Figures  86 
and  87.  From  these  results,  there  appears  to  be  an  increasing  trend  in 
signal  output  with  speed,  even  though  this  effect  was  somewhat  obscured  by 
the  random  variation  part  of  the  measurement.  The  speed-induced  output 
components  were  small  compared  to  the  random  variation;  for  probe  No.  314, 
the  speed- i nduced  output  components  were  Jess  than  4°F  over  the  intended 
temperature-application  range  (up  to  300°F) .  The  equivalent  temperature 
variations  in  grobe  No.  306  were  larger  wrfien  the  switchover  temperature 
was  set  at  200  F,  but  with  switchover  temperature  changed  to  300  F,  the 
eguivalent  temperature  component  ^ue  to  the  speed  effect  also  would  be 
expected  to  be  limited  to  below  4  F. 

Also  observed  during  the  tests  was  the  shifting  in  output  level  after 
lengthy  dwelling  at  a  higher  temperature.  This  shifting  in  output  level 
appears  to  be  caused  by  the  insufficient  temperature  cycling  of  the  core 
material  of  the  probes.  This  can  be  corrected  by  placing  the  probes  in  an 
oven  under  a  cyclic  temperature  variation  for  a  long  enough  period  of  time 
to  evaporate  the  trapped  moisture  and  impurities  of  the  core  material.  The 
sensor  optimization  study  should  also  improve  this  long-term  stability  of 
the  signal  output  by  proper  choice  of  the  operating  frequency  and  geometry, 
consequently  reducing  the  sensitivity  to  this  type  of  effect. 
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Probe  Output ,  vdc 


Probe  Output,  vdc 


o 


Figure  83-  Eddy-Current  DC  Output  (6000  RPM  Shaft  Speed). 
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Shaft  Tempe ra tu re , 
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Figure  85.  Temperature  Relationship  (Hot  End). 


Eddy-Current  Sensor  Output,  vdc 
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Eddy-Current  Senior  Output,  j dc 


PROCESSING  ELECTRONICS  PERFORMANCE  TESTS 


Signal  Path  Delay 

To  determine  the  signal  delay  between  the  two  probe  paths,  zero  phase 
pulses  were  applied  to  the  inputs  by  connecting  the  same  signal  to  both 
probe  A  and  probe  B  terminals.  The  timing-mark  pulses,  the  coincidence 
pulses,  and  the  counter  control  signals  were  then  photographed  from  the 
oscilloscope.  Figure  88  shows  the  comparison  between  timing  marks  gener¬ 
ated  by  the  probe  A  and  probe  B  signals.  The  coincidence  pulses  generated 
by  these  two  signals  and  the  clock  pulse  are  shown  in  Figure  89.  The 
counter  control  pulses  triggered  by  the  coincidence  pulses  are  shown  in 
Figure  90.  The  probe  A  path  is  on  top  and  the  probe  B  path  is  at  the 
bottom.  There  is  practically  no  delay  between  the  two  paths  up  to  the 
coincidence  generation  part  of  the  logic  circuit.  The  delay  occurs  only 
at  the  counter  control  point  of  the  circuit  because  of  the  need  for  proper 
sequencing  of  the  counters.  However,  this  delay  is  very  small  and  is  of 
the  same  magnitude  as  the  resolution  of  the  measurement  circuit  (i.e., 
roughly  20  nsec)  . 

Measurement  Accuracy 

These  tests  were  aimed  at  determining  the  accuracy  of  the  coincidence  inter 
polation  and  measurement  logic  circuit.  To  perform  these  tests,  signals 
from  the  electronic  pulse  generators  were  used.  Signal  frequencies  of 
600  Hz,  660  Hz,  and  2600  Hz  were  set  on  the  pulse  generators  to  simulate 
the  6000-,  6600-,  and  26,000-rpm  pulses  from  the  monopole  pickups.  Full- 
scale  delays  that  are  equivalent  to  a  5-deg  phase  difference  at  6000  rpm 
and  6600  rpm  and  10  deg  at  26,000  rpm  were  adjusted  on  the  triggered  pulse 
generator.  Because  of  the  concurrent  software  programming  effort  of  the 
CP  brassboard,  data  were  taken  directly  from  the  counters  through  the 
measurement  output  display  device.  Results  were  then  computed  from  ihese 
measured  data  using  a  Univac  1108  digital  computer  following  the  computa¬ 
tion  equations  developed  during  the  program.  Figures  91  through  93  show 
the  results  in  graphical  form.  To  allow  easy  visualization  of  the  results, 
they  are  presented  in  percentage  form  relative  to  the  average  value  of  the 
measurements  performed.  The  plots  were  made  with  the  percentage  deviation 
as  the  ordinate  and  the  test  point  as  the  absc-issa.  The  accuracy  of  all 
three  measurements  using  electronically  generated  input  signals  can  be 
seen  to  be  within  ±0.15  percent.  This  accuracy  appears  to  be  in  good 
agreement  with  the  predicted  accuracy  of  the  electronic  circuitry  (approxi¬ 
mately  0.12  perceht)  obtained  during  the  preliminary  research  phase  of  the 
program. 

SYSTEM  PERFORMANCE  TESTS 


These  tests  were  performed  to  determine  the  overall  performance  of  the 
system  including  the  sensing  pickups  and  the  measurement  electronics.  Data 
were  also  taken  directly  from  the  counters  of  the  coincidence  interpolation 
and  measurement  logic  brassboard  through  the  measurement  output  display 
device.  Twist  angle  was  adjusted  by  displacing  one  pickup  with  respect  to 
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Figure  88.  Timing  Marks  Generated  by  Probe  A  and  Probe  B  Signals 


Figure  89.  Coincidence  Pulses  of  the  Two  Signal  Paths 


Figure  90.  Counter  Control  Pulses  of  the  Two  Signal  Paths 


Figure  91.  Performance  of  Electronics  at 
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the  other  through  the  micrometer  mechanism  instead  of  actually  torquing 
the  shaft.  Twist  angle  was  computed  and  the  digital  i ntegrat ion  was  per¬ 
formed  on  the  Un i vac  1108  computer  following  the  same  computation  equa¬ 
tions.  Table  XV  shows  a  sample  of  the  computer  printouts.  Four  basic 
types  of  tests  were  performed  under  this  test  sequence.  They  are:  (1) 
speed  tests,  (2)  temperature  tests,  (3)  performance  tests  at  one-third 
full  scale,  and  (4)  oil  contami nat ion  tests. 

Speed  Tests 

Data  were  taken  from  the  measurement  electronics  at  ambient  temperature  for 
various  shaft  speeds  under  two  phase  angle  settings:  5  deg,  correspond¬ 
ing  to  the  full-scale  torque  level  of  external  applications,  and  9.6  deg, 
corresponding  to  the  internal  application.  The  value  of  9.6  deg  was  used 
instead  of  10  deg  as  full  scale  for  internal  application  because  of  the 
limitation  of  the  micrometer  adjustment  mechanism  due  to  a  slightly  longer 
spring  in  the  holder.  This  limitation  can  be  easily  corrected  by  shorten¬ 
ing  this  contact  spring.  However,  data  taken  under  this  setting  should 
also  be  representative  for  the  10-deg  case.  The  percentage  deviations  of 
the  computed  phase  angle  for  various  speed  levels  are  shown  in  Figures  94 
through  103.  The  accuracy  of  the  majority  of  the  measurements  lies  well 
within  the  ±1  percent  error  band  (as  shown  by  dotted  lines  on  the  plots). 
Only  a  few  test  points  in  the  10,000-rpm  and  14,000-rpm  test  sequences 
exceed  the  ±1  percent  band.  This  exceedance  is  believed  to  be  caused  by 
the  shaft  resonant  frequency  of  the  test  unit,  which  is  found  to  be  in  the 
range  from  11,000  rpm  to  16,000  rpm.  This  shaft  resonant  frequency  range 
is  a  peculiar  property  of  the  test  unit.  It  is  anticipated  that  this 
resonant  frequency  range  will  be  outside  the  normal  operating  speed  range 
of  an  actual  engine  or  drive  shaft.  Therefore,  the  effect  of  shaft 
resonance  on  system  accuracy  should  be  small  on  a  normally  torqued  shaft. 

Temperature  Tes  ts 

These  tests  were  performed  in  a  manner  similar  to  the  previous  speed  tests 
except  that  temperature  became  the  variable.  The  shaft  speed  was  held  at 
6000  rpm  and  24,000  rpm  for  external  and  internal  application  cases, 
respectively.  Phase  angles  of  5  deg  and  9-6  deg  were  used  for  the  external 
and  internal  applications,  respectively.  Test  results  were  computed  by 
the  use  of  the  same  computer  program.  Variations  of  measurement  at  differ¬ 
ent  test  points,  but  under  the  same  temperature  and  speed  conditions,  were 
plotted  on  a  percentage  basis. 

Variation  of  test  accuracy  at  different  temperature  levels  is  shown  in 
Figures  103  through  111.  Again,  the  test  accuracy  is  wel^  within  the  ±1 
percent  band,  except  for  the  high-temperature  test  at  445  F,  where  oxida¬ 
tion  of  the  phasing  gear  was  observed.  It  is  suspected  that  the  degrada¬ 
tion  in  measurement  accuracy  could  be  due  to  the  oxidation,  because  it 
changes  the  magnetic  property  of  the  phasing  gear  pole  piece.  However,  by 
using  ferromagnetic  stainless  steel  material  for  the  phasing  gears,  this 
oxidation  problem  can  be  minimized,  or  removed. 
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TABLE  XV.  SAMPLE  PRINTOUT  -  6000  RPM,  5-06  DEG 
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Figure  98.  System  Performance  vs  Speed,  ?.2,000  RPM,  5  Deg. 
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Figure  99.  System  Performance  vs  Speed,  6000  RPM,  9-6  Deg. 


Anb i ent  Temperature 
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Figure  101.  System  Performance  vs  Speed,  14,000  RPM,  9.6  Deg. 


Simulated  Torque  by  Displacing  Pickups 
Ambient  Temperature 
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Figure  102.  System  Performance  vs  Speed,  18,000  RPM,  9-6  Deg. 


Figure  103.  System  Performance  vs  Speed,  22,000  RPM,  9-6  Deg. 


Simulated  Torque  by  Displacing  Pickups 
6000  rpm,  5  deg  Phase 


System  Performance  vs  Temperature,  400  F,  6000  RPM. 


by  Displacing  Pickups 
deg  Phase 


Figure  109.  System  Performance  vs  Temperature,  -35  F,  2^,000  RPM 


Simulated  Torque  by  Displacing  Pickups 
2k ,000  rpm,  9.6  deg  Phase 


by  Displacing  Pickups 
deg  Phase 
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System  Performance  vs  Temperature,  A00°F ,  2**, 000  RPM. 


Performance  at  One-Third  of  Full  Scale 

Since  the  resolution  of  the  system  is  fixed  due  to  fixed  width  of  the 
coincidence  gate,  the  percentage  error  of  measurement  is  anticipated  to 
increase  linearly  with  the  decrease  in  torque  level  to  be  measured. 
Theoretically,  at  1/3  full-scale  torque  level,  the  percentage  error  should 
be  three  times  greater  than  that  of  the  full  scale.  However,  due  to  the 
fact  that  sensing  unit  noise  amplitudes  also  are  dependent  upon  the  torque 
level  and  will  be  reduced  with  reduction  in  torque,  a  system  accuracy  better 
than  the  theoretical  value  can  generally  be  obtained  in  actual  application. 

Three  test  runs  that  corresponded  to  the  1/3  full-scale  torque  levels  at 
6000  rpm,  6600  rpm,  and  24,000  rpm  were  performed  to  assess  the  system 
accuracy  at  these  torque  levels.  In  view  of  the  fact  that  the  actual  shaft 
would  be  running  approximately  at  constant  speed,  one-third  of  the  full- 
scale  torque  is  equivalent  to  one-third  of  the  full-scale  phase  angle.  In 
the  external  application  case,  this  1/3  phase  angle  was  1.67  deg.  In  the 
internal  application  case,  one-third  of  full  scale  was  taken  as  3-2  deg. 

The  tests  were  conducted  under  the  ambient  temperature  environment.  Test 
results  were  then  computed  and  are  plotted  in  Figures  112  through  114.  For 
the  two  external  application  cases  at  6000  rpm  and  6600  rpm  nominal  speeds, 
test  results  indicate  that  an  accuracy  of  better  than  1  percent  can  be 
accomplished  at  one-third  of  the  full-scale  torque  levels.  For  the  inter¬ 
nal  application  case,  there  are  a  considerable  number  of  exceedances  of  the 
1  percent  level  during  the  test  run.  In  view  of  the  fact  that  good  accuracy 
was  achieved  at  h  i  gh-temperature  runs  with  the  same  speed  conditions,  but 
with  a  clamped-down  adjustment  arm,  it  was  suspected  that  this  deterioration 
in  accuracy  at  1/3  full  scale  for  internal  application  could  be  caused  by 
the  motion  of  the  micrometer  due  to  the  vibration  at  high  speed.  This  will 
not  be  a  problem  of  the  actual  sensing  unit  because  the  micrometer  mecha¬ 
nism  will  be  eliminated  and  the  twist  angle  will  be  created  by  actual 
application  of  torque  to  the  shaft. 

Oil  Contamination  Tests 

Oil  contamination  tests  were  performed  to  determine  if  there  is  any  deteri¬ 
oration  in  system  accuracy  which  could  be  caused  by  the  presence  of  engine 
oil  at  the  sensing  unit.  Clean  automobile  engine  oil  was  sprayed  into  the 
test  sensing  unit.  Both  monopole  pickups  and  eddy-current  probes  were  fully 
soaked.  Tests  were  then  conducted  at  the  three  nominal  speed  levels  (i.e., 
6000  rpm,  6600  rpm  and  24,000  rpm)  with  the  corresponding  full-scale  phase 
angles  set  at  the  sensing  unit.  Temperature  of  £he  test  unit  was  regulated 
by  the  Colburn  Instrument  oven  to  be  close  to  75  F.  Figures  115  through 
117  present  the  results  of  the  tests.  No  deterioration  in  system  perform¬ 
ance  can  be  noticed  from  these  test  results.  There  was  no  physical  damage 
to  the  sensing  unit  and  probes  observed  during  these  tests. 
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System  Performance  After  Oil  Contamination,  6600  RPM. 
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VIBRATION  TEST 


The  experimental  monopole  pickups  used  in  the  laboratory  test  setup  were 
not  purposely  subjected  to  a  vibration  test.  However,  a  similar  unit 
designed  for  use  in  a  production  engine  was  tested  and  qualified.  The 
vibration  envelope  utilized  is  given  in  Figure  118.  All  three  axes  of  the 
sensor  were  subjected  to  the  vibration  at  a  sine  sweep  of  one  octave/mi n. 
An  endurance  test  of  12  hours  per  axis  was  performed  at  the  resonant  fre¬ 
quencies.  No  noticeable  mechanical  or  electrical  deterioration  occurred. 

The  laboratory  pickups  did  experience  vibration  caused  by  the  critical  fre 
quency  range  of  the  rotat i ng  shaft .  Although  the  pickups  were  exposed  to 
a  significant  amount  of  vibration  due  to  the  various  performance  tests 
performed  in  this  frequency  range,  no  mechanical  or  electrical  changes  or 
damage  occurred. 

AMBIENT  PRESSURE  EFFECT  TESTS 

As  originally  scheduled,  the  purpose  of  this  series  of  tests  was  to  deter¬ 
mine  the  effect  on  the  sensing  unit  of  ambient  pressure  changes  that  would 
be  encountered  in  actual  operation.  The  ambient  pressure  effects  on  the 
magnetic  monopole  pickups  and  the  eddy-current  probes  are  known  to  be 
negligible,  since  these  types  of  components  are  wel 1 -seal  ed  and  well- 
temperature-cycled  components  that  have  been  used  quite  extensively  on 
aircraft  and  engine  applications  for  altitudes  up  to  ^0,000  ft.  The  only 
component  that  might  be  affected  by  the  ambient  pressure  change  is  the 
grease-packed  housing  support  bearing  if  used  in  an  external  drive  shaft 
application.  The  lowering  in  ambient  pressure  could  conceivably  cause 
grease  to  seep  through  the  seal;  however,  grease-packed  bearings  can  be 
designed  to  prevent  this  as  are  the  exposed  grease-packed  hanger  bearings 
used  on  many  models  of  helicopters. 

Because  of  the  anticipated  lack  of  any  detrimental  effect  of  ambient  pres¬ 
sure  changes  on  the  sensing  unit  and  its  components,  the  ambient  pressure 
tests  were  considered  to  be  justifiably  omitted. 

SHAFT  WOBBLE  TEST 


The  influence  of  shaft  wobble  was  observed  and  recorded  as  a  consequence 
of  operating  the  test  specimen  through  the  region  of  the  shaft  critical 
frequency.  The  induced  wobbling  in  the  region  of  interest  (10,000  to 
15,000  rpm)  was  quite  severe  and  represented  a  suitable  test.  In  practice 
however,  a  drive  shaft  is  not  expected  to  be  operated  at  its  critical  fre¬ 
quency.  It  was  simply  a  matter  of  expediency  that  for  the  specific  test 
article,  the  shaft  critical  speed  could  be  used  to  excite  a  pseudo- 
wobbl i ng. 

In  theory,  shaft  wobble  causes  the  sensor  pole  piece  to  be  rotational ly 
ahead  of  or  behind  its  nominal  position.  A  time  series  distribution  of  in 
dividual  readings  from  a  specific  pole  piece  then  would  be  centered  at  the 
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nominal  reading  provided  a  dissonance  existed  between  the  shaft  speed  and 
wobbling  frequency.  In  the  design  approach  selected,  individual  readings 
are  obtained  from  a  randomly  selected  pole  piece.  Therefore,  a  dissonance 
is  created  even  though  it  may  not  mechanically  exist.  Results  of  the  wob¬ 
bling  test  should  indicate  that  a  spread  of  data  occurs  as  the  wobbling 
increases,  but  that  the  nominal  (centered)  value  should  not  necessarily  be 
affected.  Since  the  nominal  value  is  the  output  of  the  torque  measurement 
system,  the  effect  of  wobbling  on  accuracy  should  be  negligible. 

Figure  119  presents  the  results  of  two  tests.  The  nominal  (centered) 
values  do  not  change  appreciably,  but  spread  of  data  is  indeed  proportional 
to  the  amount  of  wobbling.  Test  results  have  good  agreement  with  the 
theory . 


179 


Figure  119.  Data  Spread  Due  to  Wobble. 


CONCLUSIONS 


The  following  conclusions  can  be  drawn  from  the  program  results: 

1.  The  digital  coincidence  interpolation  technique  for  precise 
measurement  of  a  twist  angle  is  hardware  impl ementab le  and 
economically  feasible. 

2.  The  performance  of  the  hardware  equipment  that  implements  this 
technique  is  well  within  the  ±1  percent  tolerance  band  over  the 
specified  speed  and  the  equivalent  torque  ranges.  Degradation 
of  system  performance  was  observed  over  the  10,000-rpm  to 
14,000-rpm  range  due  to  the  shaft  resonant  frequency  of  the  test 
unit.  Since  none  of  the  applications  will  be  in  that  speed  range 
and  none  of  the  operat  i  ng  shafts  will  be  rotated  at  such  a  resonant 
frequency,  the  impact  of  the  performance  degradation  due  to  shaft 
resonance  on  operating  helicopters  should  be  inconsequential. 

3.  Time  needed  to  perform  the  measurement  function  depends  upon  the 
shaft  rotational  speed  because  of  the  coincidence  checking  opera¬ 
tion.  In  general,  it  takes  less  than  3  shaft  revolutions  to 
achieve  the  measurement  cycle.  Consequently,  the  typical  time 
needed  for  measurement  is  from  0.007  sec  at  26,000  rpm  to  0.03 
sec  at  6000  rpm.  The  time  needed  to  complete  the  computations 
after  the  measurement  is  about  0.2  sec. 

k.  The  accuracy  of  the  system  without  temperature  compensation  is 

estimated  to  be  about  2.38  percent,  assuming  a  ±100  F  temperature 
variation  about  the  calibration  point. 

5.  The  weight  of  an  aircraft-mounted  sensing  unit  depends  upon  the 
location  of  the  unit  on  the  aircraft  because  of  the  difference  in 
sensing  unit  housing  design.  For  internal  torsion  shaft  torque 
measurement  applications,  a  total  sensing  unit  weight  of  5-5  lb 
appears  to  be  accomplishable.  For  external  drive  shaft  torque 
measurement  applications,  a  total  sensing  unit  weight  of  10.5  lb 
is  estimated,  of  which  7.5  lb  is  due  to  the  housing  structure 

and  the  supporting  bearings.  The  size  of  the  sensing  unit  for 
both  application  categories  is  estimated  around  200  cu  in.  (e.g., 
a  cylindrical  volume  of  6  in.  in  diameter  and  7  in.  in  length). 

6.  The  weight  and  size  of  an  aircraft-mounted  electronic  processing 
unit  are  estimated  to  be  5  lb  and  130  cu  in.,  respectively  (e.g., 

5  in.  x  7-5  in.  x  3-5  in.).  If  the  computation  needed  to  calcu¬ 
late  the  value  of  torque  from  the  measured  coincidence  counts 
and  shaft  temperature  can  be  performed  by  an  existing  processor 
(such  as  a  central  diagnostic  processor),  the  weight  and  size 

of  the  electronic  processing  unit  can  be  reduced  by  1/3  of  the 
present  estimate. 
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7.  The  weight  and  size  of  an  aircraft-mounted  digital  display  unit 
are  estimated  to  be  0.5  lb  and  14  cu  in.,  respectively  (e.g., 

3  in.  diameter  x  2  in.  long).  This  display  unit  can  be  eliminated 
if  an  integrated  diagnostic  display  means  is  available  on  board 
the  aircraft. 

8.  Test  results  indicated  that  the  phase-measuring  monopole  pickups 
selected  would  survive  and  function  properly  over  the  specified 
temperature  range  of  -35  r  to  +500F. 

9-  Results  from  oil  contamination  tests  indicated  that  there  is  no 
noticeable  performance  or  structural  deterioration  caused  by  the 
contaminants  . 

10.  Based  on  the  existing  in-house  vibration  test  data  on  monopole 
pickups  and  eddy-current  probes,  it  can  be  concluded  that  the 
sensing  pickups  and  probes  selected  should  also  survive  and 
function  properly  over  the  specified  vibration  environment. 

11.  Test  results  also  indicated  that  a  cable  length  of  10  to  20  ft 
from  the  sensing  unit  to  the  electronic  processing  unit  is  al low- 
ab  le. 

12.  The  reasonably  small  size  of  the  sensing  probes  used,  the  high 
environmental  tolerance  capability,  the  high  reliability  of  the 
system,  and  the  wide  speed  range  that  a  single  system  can  handle 
promise  versatility  and  economy  for  many  applications.  The  same 
system  can  be  used  for  external  aircraft  shafts  or  internal  engine 
shafts.  It  can  be  applied  to  any  size  shaft  as  long  as  a  mini¬ 
mum  twist  angle  of  2?  1  deg  is  developed  by  the  torque,  and  enough 
room  around  the  shaft  is  available  for  sensor  installation. 

13.  The  use  of  eddy-current  probes  for  noncontacting  shaft  temperature 
measurement  is  feasible.  However,  sensor  optimization  efforts 
appear  to  be  needed  in  order  to  achieve  better  accuracy,  more 
shaft-adaptation  capability,  more  stable  operation,  and  fewer 
parts-count  in  hardware  implementation. 
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RECOMMENDATIONS 


It  is  recommended  that: 

1.  The  digital  coincidence-interpolation  torque  sensing  developed 
during  the  program  be  further  tested  on  an  actual  aircraft  or 
engine-mounted  shaft  to  determine  its  performance  under  the 
real  operating  conditions. 

2.  A  separate  investigation  on  sensor  optimization  of  the  eddy- 
current  temperature  probes  be  conducted  concurrently  with  the 
aforementioned  test  program  so  that  better  information  exchange 
can  be  maintained  between  these  two  activities.  This  effort 
should  be  separated  from  the  test  effort  because  of  the  differ¬ 
ence  in  nature  of  these  two  types  of  activities.  A  separate 
eddy-current  temperature  probe  optimization  effort  would  also 
allow  the  investigation  of  the  use  of  such  sensors  for  noncontact 
ing  measurement  of  turbine  blade  metal  temperature  for  turboshaft 
or  turbojet  type  engines. 
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APPENDIX 

TYPICAL  DRIVE  SHAFT  ANGULAR  DEFLECTION 


FORMULAS,  CONSTANTS,  AND  ASSUMPTIONS 

Hollow  concentric  shaft:  r.  =  outer  diameter, 
rg  =  inner  diameter  {=  0  for  solid  shaft) 

Angular  twist  (deg)  =  0  =  57*3  77-  (89) 


where  T  =  twisting  moment  or  torque  (in. -lb) 

L  =  length  of  shaft  (in.) 

4  A  4 

J  =  polar  moment  of  inertia  =  1.2  tt  (r^  -  r^  )  (in.  ) 

6  2 

G  =  modulus  of  rigidity  ~  12  x  10  lb/in.  for  steel 


Tr1 

Maximum  shear  stress  =  (S  )u  =  — r- 

S  M  J 


2Tr 

- (lb/in.  ) 

V?> 


Two  Drive  Cases  Considered 

1.  Rotational  speed  =  6600  rpm  >  69 T  rad/sec  (=  N) 
Maximum  torque  =  725  ft- lb  =  8700  in. -lb  (=  T^) 

2.  Rotational  speed  =  26,000  rpm  2720  rad/sec  (=  N) 
Maximum  torque  =  300  ft-lb  =  3600  in. -lb  (=  T^) 

Material  Characteristics 


(90) 


Assume  the  use  of  a  suitable  material  with  a  conservative  shear  yield 
st  rength : 


AM355  precipitation-hardened  stainless  steel  shear  yield 
strength  =  79.500  lb/in. 

A  typical  factor  of  safety  that  would  be  used  to  calculate  allowable  maxi¬ 
mum  shear  stress  for  full -load  conditions  is  2.5.  Therefore, 


(SS)M  =  =  31,800  lb/in.2 
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(91) 


DRIVE  SHAFT  SIZING 


Three  sizes  of  shafts  for  each  of  the  test  drive  cases  will 
determine  a  range  of  twist:  one  solid  shaft  and  two  hollow 
shafts . 

Sol  id  Shafts 


Using  Equation  (91)  and  noting  that  rQ  =  0, 


Case  1:  T  =  8700  in. -lb,  r^  =  0.558  in. 
Case  2:  T  =  3600  in. -lb,  r^  =  0.416  in. 
Hollow  Concentric  Shafts 


Values  of  r.  are  stipulated,  and  corresponding  values  of  r^ 
us i ng  Equation  (91)  • 


r0 


or  J/4 
2Trl  \ 

n(ss  V 


1  .  ^  =  0.50  in. 

Case  1:  Not  applicable 


Case  2:  T  =  3600  in. -lb, 

2.  rj  *  0.75  in . 

Case  1:  T  =  8700  in. -lb, 
Case  2:  T  =  3600  in. -lb, 

3.  rj  =  1 .0  in. 

Case  1:  T  =  8700  in. -lb, 
Case  2:  Not  applicable 
Table  XVI  presents  a  summary  of  the 


rQ  =  0.403 


rQ  =  0.655 
rQ  =  0.715 


rQ  =  0.954 


shaft  calculations. 


be  considered  to 
concentric 


(92) 


are  calculated 


(93) 
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TABLE  XVI . 

SHAFT  CALCULATIONS 

Shaft  Size 

Torque 
( i n . -I b) 

Twist/ft 
e  =  687.6  T/JG 
(deg/ft) 

N 

(rpm) 

At  for 

L  =  1  ft 
At  =  6/n 

(Msec) 

r1 

(in.) 

ro 

(in.) 

J 

(in.1*) 

0.  558 

0 

0.  1  53 

8700 

3.26 

6,600 

82.3 

0.  75 

0.655 

0.205 

8700 

2.43 

6,600 

61.4 

1.00 

0.954 

0.2735 

8700 

1  .  82 

6,600 

46.0 

0.416 

0 

0.0471 

3600 

4.38 

26,000 

28.  1 

0.50 

0.403 

0.0566 

3600 

3.64 

26,000 

23.3 

0.  75 

0.715 

0.0849 

3600 

2.43 

26,000 

1  5.6 
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